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Abstract

This thesis analyses an electrical testing method for asggthe integrity of an IGBT-
based power stack assembly during factory acceptancatestervice stops. The method
combinesy.. measurements with high current in the Zero Temperature Cesfti(ZTC)
operating region and with low sensing current current withispecific current cycle us-
ing a proposed sampling and filtering technique. Two ciscaite presented for the,
measurement. The value of this method is the ability to esdidhe power stack assem-
bly and to detect IGBT aging without the need for power stacklifications for thev,..
measurement with sensing and load current. Additionatiyd@dicated current control of
the IGBTs is required. The aging mechanisms that are targgtbdhis method are the
bond-wire lift-off and the solder delamination. As a partlté method, an on-the-stack
calibration technique at the sensing current level is psegdor the IGBTs avoiding the
need to un-mount and characterize them in a thermal chafbeneference application
is a power electronic converter that is used as a magnet yp@ty in particle accelera-
tors at CERN, the European Organization for Nuclear Researd®edan the specialized
application, the levels of ambient air, junction and coghmater temperature change that
could have an impact on the meth®grecision are defined. Experimental results, which
are obtained with the power stack of a power magnet supmypsented and are com-
pared favorably with results obtained using Finite Elemdethod (FEM) and Lumped
Parameter Network (LPN) simulations to demonstrate thdnaust applicability. For the
high-current IGBT module of the application, it is shown ttieg measurement in the ZTC
operating region could detect bond-wire lift-offs when eathvan half of the bond-wires of
the chip have been lifted. A measurement in the Positive Beatpre Coefficient (PTC)
operating region can be used to detect the early stage afyagand-wire lift-off, but the
measurement precision is, highly, influenced by tempezatdoreover, the detection of
manufacturing issues, such as errors in thermal pastecagiph, is proven to be possible
with the help ofv.. measurements with sensing current.

As a potential improvement of the future power stack desfgndifetime prolongation,
this work investigates the possibility for IGBT modidéhermal stressing mitigation using
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the specialized application as a reference. This invesgtigé based on LPN simulations.
Prior to the LPN modeling, the extensive operation of the meagpower supply in the
Negative Temperature Coefficient (NTC) operation regiondpgementally, examined. It
is demonstrated that the current and thermal stressingamt®s among the chips inside
the Soft Punch Through (SPT) IGBT module operating in the Np€rating region can
be neglected and do not have to be considered for the therodgling. Moreover, the
impact of the material, of the thickness and of the heat ottiwe of the cooling plate
on the junction temperature variation and maximum junctemperature is evaluated. It
can be stated that, for long current cycles of the spectibgmplication, a relatively thick
aluminum cooling plate (3n) with a moderate heat convection coefficieritB/(°C'm?))
may exhibit almost the same performance as a copper codatgqf equal or even greater
thickness (bm) with a high heat convection coefficient (110’ /(°C'm?)).

Two strategies are proposed with the switching frequenclytha gate resistance as pa-
rameters for online thermal stressing mitigation. The Btettegy reduces the switching
frequency in parts of the cycle where a high precision reameént for the output current
is not imposed, in order to limit the power losses and thentiaéstressing of the IGBT.
The second strategy combines the switching frequency teduic one part of the cycle
with the increase of switching frequency and gate resigtameanother. By increasing the
power losses the junction temperature fluctuation can GeelimUsing four typical current
profiles from the specialized application, it is shown thathbstrategies could prolong the
IGBTS lifetime. It is shown that the contribution of the mitigatistrategy to the lifetime
prolongation depends on the current profile.

Index Terms: power electronics, magnet power supply, IGBT, aging dedacti
temperature estimation,. measurement, condition monitoring, thermal stressing
mitigation
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Chapter 1

Introduction

1.1 Background

Power electronic converters are the main medium for eteptswer conversion and adap-
tation in a vast range of applications, such as electrieasjportation, power generation
from renewable and conventional sources, power transomissid distribution, supply of

home appliances, industrial machinery and many othérg[id.core of power electronic

converters are the semiconductors that either allow orktloe current flow to the load.

The semiconductor type that is preferred for medium to higlgr applications is the In-

sulated Gate Bipolar Transistors (IGBT) [2]| [3]. The package that is used for current
levels up to 3004 and voltage levels up to 6500is, commonly [3], an IGBT module

like the one illustrated in Figufe1.1.

Figure 1.1: IGBT module (ABB property).

Apart from the benefits, such as the ease of assembly andontezction at power elec-
tronic converter level, a critical issue in the applicat@iiGBT modules is their reliable
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operation. They are often considered as the componensttie most prone to fail during
the operation of a power electronic converier [4]. For adfghwind farms, the operation
and maintenance cost accounts for approximately &B23% of the total cost of energy
with the power electronic converters being the second ledistole sub-assembly after
the pitch mechanism [5]. It is apparent that the monitorihghe health status of IGBT
modules becomes a priority towards the optimal operatiapgwer electronic converter.

The thermal stressing, resulting from power losses [1] #natproduced by the IGBTs
themselves, is often responsible for their degradatiom dding mechanisms that have
mostly drawn the attention are the bond-wire lift-off and Holder delamination [6]. Dur-
ing the development stage, it is of utmost importance totssee the thermal aspect of
the design of power electronic converters and to predictiteemal stressing of the semi-
conductor devices during operation. Additionally, it issgfual importance to monitor the
condition of the semiconductor devices during their opegdifetime.

1.2 Application at the European Organization for Nuclear
Research

The reference application for this work is a magnet powepbluthat is used in parti-

cle accelerators at CERN, the European Organization for l[du@esearch. At CERN,

high-power electronic converters are, extensively, usedhagnet power supplies with
predetermined current profiles, in order to control theipl@rbean's trajectory in the ac-

celerators. Figure_1.2 illustrates the accelerator comaléCERN. The beam starts from
linear accelerators, such as LINAC2, and is transferred antincreasing particle energy
to the circular accelerators until it reaches the flagshiphefcomplex that is the Large
Hadron Collider (LHC).

For this task high-performance electromagnets are suppirgoower electronic convert-
ers. The main requirements for this specialized applioaie high precision of the current
output and long lifetime of at least twenty years with plasheeheduled intervals, in order
to avoid unscheduled stops of operation. Given that povestrenic converters must all
operate concurrently from the first to the last acceler#tercost saving from unscheduled
service interventions will be significant, if prognostidd@BT failure could be obtained
during scheduled service stops.

CERN power electronic engineers are involved in the techsjpatifications of the power
electronic converter, however the manufacturing and alslseof power magnet supplies
are assigned to external suppliers. The power electromugertefs part of interest for
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CMS

LHC

LHCb

® Linac2
‘|I'-.|-.-.|-: Linacdl.

Figure 1.2: CERN accelerator compléx [7].

this work is the power stack that comprises the DC-link andgtwer semiconductor
devices with their cooling system. The evaluation from CERi\ f the power stack
thermal performance and of its aging could be carried owrayghases. Further analysis is
presented in Chapter 3. The first phase, which targets the#hgerformance verification,
is during the factory acceptance tests of series of poweksiat the suppliés premises.

The second phase targets the aging detection through moncibnitoring made during
service stops. Since the load profiles for this applicatrepaedefined, the thermal stress-
ing of the IGBT modules can be predicted. Therefore, offlinedttion monitoring during
scheduled service stops could be sufficient for this apjdicand continuous, online con-
dition monitoring is not needed. The long lifetime requierhand the high number of
power electronic converters, reaching several thousahdsits in operation for the spe-
cialized application at CERN creates the need for trackingdouwlmentation of IGBT
modules failures and aging mechanisms. Moreover, theatetledata from several thou-
sands of units operating at CERN could be important for futunegy stack designs, not
only for the present application but, also, for other aglans such as traction.

To sum up, a methodology which utilizes planned schedulegssivith minimum addi-
tional equipment would be of great value for a highly releabut still financially reason-
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able solution.

1.3 Previous work

The temperature estimation at IGBT chip level helps to agkedbermal stressing and the
remaining lifetime of the IGBT module [8]. [9]. [1.0]. It may)so, provide an indication
of aging as a condition monitoring feature [11]. To the authknowledge, the tempera-
ture and the condition monitoring of IGBTs are, mainly, ap@land tested at accelerated
lifetime tests with the aim to monitor the evolution of agiridhe dominant parameters
that are monitored for thermal stressing evaluation andlition monitoring are electri-
cal as well as highly dependent on temperature and are defsn@dmperature Sensitive
Electrical Parameters (TSEPS), [12]. There are method®foperature estimation based
on measurements that can be implemented online by recof@idPs, such as.. with
high current[[13], the threshold voltadg®, [14], the internal gate resistance [15], as well
as switching dynamics [16] and [17]. These methods requireincuit modifications but,
in some cases, fast measuring systems, such aslin [16] ahdafid/ precise calibration
of the IGBT module, for instance in terms of current and terapge. Other methods are
offline and may require less effort for calibration but citenodifications are needed such
as the method based op with sensing current [18] or on the short-circuit curref][1

The aging detection of IGBT modules with the help of tempemastimation could be
implemented online such as in ]13], [14], [15] [20] and![2%]milar to the TSEP-based
temperature estimation methods, the online aging deteotethods have the advantage of
aging detection during operation but, also, the consti&ihiigh calibration effort. Other
methods propose offline aging detection or, differentlyregped, condition monitoring
that could be limited by necessary circuit modifications andnection of extra com-
ponents, such as in [22], [23] and [24] or specific IGBT switchpatterns without the
possibility for detection of different aging mechanismstsas in[25].

The present work is focused on offline aging detection meth®le application at CERN
has pre-defined profiles that result in expected IGBT tempegrgirofiles. Scheduled stops
can be defined to check the aging status of the IGBT modulesefidre, the additional
calibration effort of the online methods can be avoided. ilical review of the TSEPs
and their change with aging, as well as of the existing agetgation methods follows
in Chapter 2. Special interest is, also, noticed for the dgraknt of measuring circuits
that are capable of monitoring TSEPS, especially with precision. A part of Chapter 2
is dedicated to their analysis.

Up to now, the temperature and condition monitoring rematmssearch level targeting to
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future online or offline monitoring systems in the field. Threddiimplementation of mon-
itoring encounters practical issues that need to be fuithestigated. The monitoring
should be independent of testing conditions such as ambiancooling medium tempe-
rature. Ideally, it should be realized with minimum addi@b equipment and minimum
calibration effort per semiconductor device. The calilorateffort could become an ob-
stacle for the application of some of the proposed methoklssd characteristics become
crucial, if a large series of power electronic convertengeha be monitored at industrial
scale, such as the application at CERN, either online or offiiaough many valuable
contributions are published, missing in the existing &tare is a complete method that
exhibits the following combination of features:

e robustness in terms of precision taking into account th@ngsonditions
e ease of implementation and calibration for a series of p@estronic converters

o follow-up of power electronic convertsrcondition along its lifetime, from the ther-
mal evaluation phase to the power stack validation testirgse and, finally, to its
service stops.

1.4 Purpose of the thesis and contribution

The main purpose of this work is to propose a method that cooifdribute to the reli-
able operation of a magnet power supply without unschedigedce stops due to unex-
pected failure incidents. This method should assess, wlitly@ate precision and ease of
implementation, the thermal performance and the condiiathhe IGBT modules in the
high-power stack from the factory acceptance phase umtiétid of their lifetime. A sec-
ond purpose, after studying the thermal impact of the speetapplication on the power
stack, is to investigate methods that could, potentiallgigate the thermal stressing of
IGBT modules.

The contributions of this work in terms of IGBT module agingesgion can be listed as
follows:

e a method for the integrity assessment of an IGBT-based potaek.slt can be,
directly, applied at the manufactuterfacility during factory acceptance tests to
control the assembly quality; namely the correct therméh l@m chip to water.
Moreover, it can be used in scheduled service stops to detelatvaluate the aging
of the semiconductors in terms of bond-wire lift-off andds delamination. This



Chapter 1. Introduction

method requires no additional power components, no cuc@mtol, and employs
an on-the-stack technique far, calibration as a function of temperature without the
need for IGBT unmounting and characterization in a thermahdber (publication

IN)

¢ the development of two.. measuring circuits that are easy to calibrate and to use

with complete power stacks. For the first circuit that is loles® an existing proposal

in the literature, extensive sensitivity analysis of th&icl components, design
methodology and testing are added. Based on the principlesaftdration detection
circuit used in IGBT gate drivers, the second circuit congsiseduced number of
components and less calibration effort compared to sirstédutions. Moreover, a
filtering technique is proposed for the application of thegmity assessment method
(publication 1).

The following are considered as contributions with moreuon thermal stressing miti-
gation:

¢ the quantification and evaluation of current asymmetry apsustrates in the same
IGBT module through experiments in the low current regiorhvdegative Tempe-
rature Coefficient, if temperature difference occurs amdmeglGBT module sub-
strates (publication 1V)

e a discussion of thermal stressing mitigation possiblitteshe CERN application:
(i) at the design phase considering the cooling plate nafehickness and water
flow, (ii) during operation with the online modification ofdtswitching frequency
and gate resistance for the regulation of the IGBhermal stressing during prede-
fined current profiles for the application of interest (paations IIl, VI).

During the period as a Doctoral student, the author has ibotgid with the following
relevant scientific publications:

I. P. Asimakopoulos, K. Papastergiou, T. Thiringer, M. Bango and G. LeGodec,
“On v, method: in-situ temperature estimation and aging detectdigh-current
IGBT modules used in magnet power supplies for particle acawrs”, IEEE Trans-
actions on Industrial Electronics, vol. 66, no. 1, pp. 5%0,5Jan. 2019

Il. P. Asimakopoulos, K. Papastergiou, T. Thiringer and MnBiorno, “IGBT Power
Stack Integrity Assessment Method for High-Power Magneipglias”, under sec-
ond review round in IEEE Transactions on Power Electronics
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P. Asimakopoulos, K. Papastergiou, T. Thiringer andBdngiorno, “Thermal stress-
ing mitigation possibility intended for a DC-current magsapply based on high
power IGBT modules”, 19th European Conference on Power Bleicts and Ap-
plications, EPE’'18 ECCE Europe, Warsaw, Poland, Sep. 20Eieppresentation

P. Asimakopoulos, K. Papastergiou, T. Thiringer and MnBiorno, “Current shar-
ing inside a high power IGBT module at the negative tempeeatoefficient op-
erating region”, 17th European Conference on Power Eleics@nd Applications,
EPE’16 ECCE Europe, Karslruhe, Germany, Sep. 2016, oral ipegsesn

P. Asimakopoulos, K. Papastergiou, “High Voltage SugdplyParticle Accelerators
based on Modular Multilevel Converters”, Internationaltieée Accelerators Con-
ference, IPAC16, South Korea, 2016, poster presentation

P. Asimakopoulos, K. Papastergiou, T. Thiringer and MnBiorno “Heat sink de-
sign considerations in medium power electronics appbeatiwith long power cy-
cles”, 16th European Conference on Power Electronics andidgppns, EPE’15
ECCE Europe, Geneva, Switzerland, Sep. 2015, oral presamtati

Additionally, before the Doctoral Studentship period thghar has contributed to the
following publications:

P. Asimakopoulos, T. Thiringer and M. Bongiorno “Design of aduilar Multilevel

Converter as an Active-Front End for a magnet supply apphicgt15th European
Conference on Power Electronics and Applications, EPE’14 EEGiBpe, oral
presentation

P. Asimakopoulos, T. Boumis, E. Patsias, A. Safacas, E. iEasaid E. Mitronikas,
“Conversion of a conventional vehicle to a hybrid electritieée - Step by step
design and experimental investigation”, in 24th Interoradil Battery, Hybrid and
Fuel Cell Electric Vehicle Symposium Exhibition, EVS 24, ME3+16, 2009, poster
presentation

P. Asimakopoulos, T. Boumis, E. Patsias, A. Safacas and EoMitas, “Experi-

ence derived from the conversion of a conventional car taoaithelectric vehicle -

Analysis of the powertrain”, in 20th International Sympgosion Power Electronics,
Electrical Drives, Automation and Motion, SPEEDAM, JuneliBl 2010

P. Asimakopoulos, T. Boumis, E. Patsias and A. Safacas, desmid construction
of a propulsion system for application in experimental iylwar’, Energy Point,
FIPP-8079, vol. 25, July - August 2009
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1.5 Outline of this thesis

Chapter 2 presents the necessary theoretical backgroundigowork. As an introduc-
tion, it, briefly, describes the operation of the IGBT and o thode, its dependence on
temperature, the structure of the IGBT module and the povgsekcalculation. The intro-
duced topics are the foundation for a critical review of gmperature estimation method.
Among the presented methods, the appropriate method dsel®r temperature estima-
tion and condition monitoring. Moreover, a review of thetable power and measuring
circuits is presented. Finally, it, briefly, describes tlenthant IGBT power stack thermal
modeling methods that are the Lumped Parameter Networks)(&Rd the Finite Element
Method (FEM).

Chapter 3 introduces the specialized application at CERN uttrécal simulations for
the operation of the magnet power supply. It presents thentilestressing with a typical
magnet current profile using LPN and FEM. The main experialesgt-ups used in this
work are, also, presented.

Chapter 4 investigates with the help of experiments and tzloas the behavior of the
chips inside the IGBT module, in terms of current unbalarf¢eeisemiconductor operates
at a current level that is low compared to its nominal ratings

Chapter 5 proposes an integrity assessment method for teehblssverification at the
initial stage and the aging detection in later stages of tveep stacks lifetime. It, analyt-
ically, presents the development of two measuring cirdoitshe implementation of the
method. Finally, it, experimentally, validates the methkath a magnet power supply and
compares the results with those from LPN and FEM simulations

Using the LPN thermal modeling of Chapter 3, Chapter 6 providesmal stressing mit-
igation methods for the extension of the power stacks usiéétime. These methods are
proposed as measures at the design phase of the power stdelayothe aging of the
IGBT module as detected with the intergrity assessment rddttad is presented in Chap-
ter 5. The thermal stressing mitigation methods can be eg@li the power stack design
phase and online during operation. Considering the powek stasign phase, it investi-
gates the impact of the cooling platenaterial, thickness and heat convection coefficient
on the thermal stressing for long current cycles. Two Sfjiateare proposed for the online
thermal stressing mitigation. These strategies emplogéite resistance and the switching
frequency and their usability is demonstrated. Finallg,¢bnclusions and ideas for future
work are provided in Chapter 7.



Chapter 2

Methods for IGBT modules temperature
estimation and aging detection

2.1 Introduction

This chapter introduces the structure and operation fliesiof the power semiconductor
devices used in this work, namely the pin-diode and the IGBdemonstrates the method
that is, usually, used for the power losses calculationsgs G¢hapter describes the struc-
ture of a typical IGBT module and presents the main aging nmashe resulting from
the thermal stressing. Additionally, an overview of methdar the junction temperature
estimation of the IGBT is presented. The critical review amélisting measuring circuits
based on the.. method for the junction temperature estimation is pubtishgublication

I, whereas the critical review on the power circuits usingnth method is published in Il.

2.2 Power diode structure and operation principle

The power pin-diode is created by a p-n junction, [26], wilbwa doped region n-, called
the epitaxial layer, between p and-riorming the pn-n+ structure, as illustrated in Figure
[2.Ja. For the power diodes with blocking voltage capabiditythe level of 1200 V and
above, the n- region has increased thickness compared twwlteige diodes and the other
two regions are created by diffusion from the n- layer.

As a freewheeling device, the conducting state of the poveetedcannot be controlled. If
a small positive voltage of a certain level is applied betwtée anode and the cathode, in



Chapter 2. Methods for IGBT modules temperature estimatioraging detection

Figure[Z.1a, the diode is forward biased and becomes camdu¥tith negative voltage
applied to it it becomes reverse biased and prevents therdutow, only allowing a very
small leakage current. In case the negative diode voltagehes the breakdown voltage
it conducts an avalanche current which with the presencheobteakdown voltage can
destroy the device. The characteristic of the disdgeration is shown in Figure 2.1b.

Focusing on the forward characteristic in Figure 2.1b, theration of the diode is highly
dependent on temperature. For a certain current range libwominal ratings of the
semiconductor, the power diode is a Negative Temperaturéi€leat (NTC) device mean-
ing that the forward voltage drog- at the conducting state decreases with an increase of
temperature, as illustrated in Figlrel2.1. In the Positemperature Coefficient operating
region (PTC), for current values close to the nominal ratmggbove, the forward voltage
drop vy at the conducting state increases with the increase of t@type. Finally, there
is the inflection point that belongs to the Zero Temperaturefi@ient operating region
(ZTC), where there is no influence of temperature on the cdiuliyoof the semiconduc-
tor. The influence of temperature op around the inflection point is smaller than for low
current or for current close to the nominal ratings.

ANODE

Current
p T increase - PTC
—

n- Forward
characteristic

Breakdown Inflection point - ZTC
ot Volta.ge T increase - NTC C
I Voltage
CATHODE Reverse

characteristic

(a) (b) (©)

Figure 2.1: (a) Diode structure, (b) characteristic cunve g) circuit symbol.
The influence of temperature ip- can be demonstrated with [27]

2kT JrWy
vp = In( T
q QqDanzF< d)

La

) (2.1)



2.3. Insulated Gate Bipolar Transistor structure and ofggrg@rinciple
and if the temperature derivative of is calculated

dvrp 2k JrWy T dn; D,
== (DT
dT q ( " QqDaniF(Wd)) Dani( dT o dT ))

La

(2.2)

Focusing on the parameters that are influenced by temperatur (2.2), the intrinsic

carrier concentratiom; in ‘fgg has a positive temperature coefficient and the ambipolar

diffusion constantD, in dd% has a negative temperature coefficient [28]. The behavior of

the device with temperature along the current range is d i@ste balance between these
two parameters.

2.3 Insulated Gate Bipolar Transistor structure and op-
eration principle

The Insulated Gate Bipolar Transistor (IGBT) [26] is a cor#iole device that allows
unidirectional current flow. It has a pnpn structure formgdwo cascade connected p-n
junctions, as illustrated in Figure 2.2.

By only applying a positive voltage between the collector tredemitter leads, the device
remains in the blocking state. If, additionally, a positgagte-emitter voltage,. that is at
least at the level of the threshold voltadé,, of the device is applied to the gate-emitter
leads, the IGBT allows current to flow. Except for direct vgkablocking capability the
IGBT exhibits reverse blocking voltage capability and it tendesigned for high reverse
voltage levels. On the other hand, this is not a main desigeriom. In fact, the IGBTs
are, usually, connected with anti-parallel pin-diodeserEfore, in many applications the
negative voltage blocking capability is not a priority arath@ffect more important perfor-
mance characteristics of the IGBT, such as the level of ae-statage called saturation
collector-emitter voltagey.. [1].

Figure[2.8 shows the IGBT characteristic curve for differgptvalues. During the turn-on
phase of the semiconductor, the application and the inerefs,. leads to a decrease of
v.. and the change in operation from the active region to thatimegion. The device,
finally, operates in saturation mode, wheggbecomes smaller tharg. — V;;,. During the
turn-off phasey,. increases as,. decreases and the current in the device goes to zero.

As illustrated in Figuré€ 2]2a, the Punch-Through IGBT (PBIG, [26], [29] is manufac-
tured with an additional n region that is called buffer layercontrast to the Non-Punch-
Through IGBT (NPT-IGBT) in Figuré_212b where this layer is nmigs The differences

11
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Figure 2.2: IGBT structure; (a) PT, (b) NPT, (c) Trench anddidjuit symbol.
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Figure 2.3: IGBT characteristic curve.
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between the two planar-structured IGBT categories are suin@dbin Tabld 2.11. A PT-
IGBT is not designed to block high reverse voltage due to thbuffer layer. In addition
to the previous planar gate IGBT structures, the trenchdgz8d [30] was proposed and
developed by some manufacturers, Figure 2.2c. The adwamtathis IGBT type com-
pared to the PT structure is the reduced saturation voltelgiée keeping switching losses
low. Advancements of all these IGBT types are under ongoisgaeh.

TABLE 2.1: Comparison of PT and NPT IGBT

Characteristic PT NPT
NTC for low current,
PTC for current close to nominal

Relation with Temperature mainly PTC

higher for NPT at current close

Conduction losses to nominal due to PTC

Short-circuit capability higher for NPT
Parallelization recommended only for high currents Possible
Blocking voltage capability low high

In this application, IGBT of Soft-Punch-Through [31] teclogy is used that belongs to
the PT family, has a structure with thinner buffer layer thd?T device and exhibits lower
conduction and switching-off power losses than a NPT dejfd2¢ For IGBTs [27], the
dependence af.. on temperature resembles the pin-disdbat is, already, presented in
the forward characteristic part of Figurel2.1b.

2kT JFWd pLC’HJCH
Vee = n( )
q 2qDan,»F(L—:) LEFFCor(Vgs — Vin)

(2.3)

Similar to the diode case, focusing on the parameters thpdrdkon temperature, has
positive temperature coefficient add, has negative temperature coefficient, whereas,
from the second term of the sum, the mobility» and the threshold voltagé, have
positive temperature coefficients. Again, the behaviohefdevice with temperature change
is a result of the balance between these temperature deggral@ameters. For low cur-
rent values, commonly up to the level of 1/4 of the nominahgthe device exhibits NTC
behavior, whereas for higher current values it exhibits P&Gavior. Similar to the diode,
the inflection point exists for the IGBT as well.

2.4 |1GBT module structure

The module as a means of packaging for the IGBTs is used foicapiphs at the medium-
to-high power range and, usually, at a voltage level up ta®.5For higher voltage lev-

13
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els and high-power applications the series connection e$gppack devices is a well-
established solutiori [2] . The power module provides ptaiacof the semiconductor
devices and facilitates the mounting on the cooling plaayall as the interconnection of
the power electronic converter parts.

A typical structure of a silicon (Si) IGBT module with integed anti-parallel diodes is
illustrated in Figuré 2]4.

IGBT Diode IGBT Diode

Figure 2.4: Power module structure.

A 3300V and 12001 open power module is illustrated in Figure]2.5. It consi$té sub-
strates similar to the one in Figure2.6. Each substratastsraf 4 IGBT chips and 2 diode
chips. In Figuré 2]6 the two springs at one side of the sulest@respond to the gate and
emitter leads for the gate driver and the single spring atefieside is for the collector
connection with the driver.

14
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Figure 2.6: Substrate of HiPak 3300 V/1200 A module (ABB prope

The IGBT module is formed by the following layers that aresthated in Figure 214 from
top to bottom|[[33]:

e A thin aluminum metallization layer on top of the silicon phassisting the chips

15
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interconnection and the connection with the gate with tHp bébond-wires, see,
also, Figuré 2)6

e Silicon chips as semiconductors

e Solder, usually an alloy of SnAg or Pb-Sn, for the connectibtwo consecutive
layers. A replacement for the solder layers in some new pomagtules is the Ag
sintered layer that exhibits a higher mechanical resistamc, also, ability to with-
stand higher temperatures than the conventional solder.lay

The next three layers compose the Direct-Bond Copper (DBC) p#reanodule:

e Copper (Cu) for the heat conduction produced at the silicop lelyier

¢ Insulation layer, for the IGBT module of this work it is an Alumam Nitride (AIN)
ceramic that withstands a high breakdown voltage to etadtyiisolate the different
substrates and the cooling plate

e Copper for the heat propagation facilitation after the iagah layer
e Solder

e Baseplate, although it does not exist in all modules, usud®yC or Cu depending
on the application. Normally, it is the thickest layer wittetgreatest heat storage
capability among the layers. At the baseplate layer, theenaiselection depends
on the load profile. The AISIC baseplate exhibits the best$tesage capability and
it is designated for current profiles with long duration, ecoamly traction applica-
tions.

e Thermal Interface Material (TIM) or thermal paste, for arste Si for the uniform
contact between the baseplate and the heat sink or cooklg frface to avoid air
trapped in.

The three most important parameters for the material sefeate the thermal conductiv-
ity, the heat storage capability and the thermal expansiefficient. Tablé 22 lists these
three thermal characteristics for the IGBT module layerse Tiaterials with the worst
thermal conductivity are those of the TIM with a thermal cocitivity of 11W/(mK), the
DBC insulating and the solder layer. The interconnectiosglsthe module among the
silicon chips and the gate and emitter pads for the contrti@ftevice are, traditionally,
implemented with Al bond wires.
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TABLE 2.2: Thermal characteristics for each of the power module lage2s C' [33]

Thermal expansion
Thermal conductivity] Heat storage characteristic  coefficient
Material (W/(m * K)] [kJ/(m3 % K)] [107%/K]
Silicon 148 1650 4.1
Copper 394 3400 17.5
Aluminum 230 2480 225
Silver 407 2450 19
Molybdenum 145 2575 5
Solders 70 1670 15-30
Al,O3 — DBC 24 3025 8.3
AIN DBC 180 2435 5.7
AISiC (75% SiC) 180 2223 7

Among the materials in the structure of the IGBT module, timeg¢rdominant conductive
materials in terms of thickness are Si, Cu and Al. The thermaabtactivity of Si is sig-
nificantly dependent on temperature, whereas for the otherthe variation of thermal
conductivity with temperature is very small. Tablel2.3 skdte change of thermal con-
ductivity for the usual operation temperature range betv@&®™ to 125C for the three
materials[[34].

TABLE 2.3: Variation of thermal conductivity for the three dominannhdactive materials
in the IGBT module

25C 125C

Silicon 148 98.9
Copper 401 396
Aluminum 237 240

Focusing on Si, this relation is described|as [26]

W
A =24+ 1.87% 106T—1-6’9m—K (2.4)

where the temperatufg is illustrated in Figuré 2]7
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Figure 2.7: Relation of thermal conductivity with temperattor Si.

The thermal resistance and thermal capacitance definingpénmal conductivity and the
heat storage characteristic of the material, respectiaedyexpressed

d
Ry, = A (2.5)

Cyn = cpdA (2.6)

whered is the thickness of the layep, the Si density) the thermal conductivity of the
material,A the chip surface area ardhe specific heat capacity of the material.

2.5 Thermal stressing of IGBT modules

The thermal stressing of IGBT modules is caused by the poveseky comprising the
switching and conduction losses produced by the IGBT andrtkigparallel diode. The

following sections present the common method for powemdssalculations and the main
thermal stressing factors and aging mechanisms.

2.5.1 IGBT power losses calculation

IGBT conduction losses

The voltage drop of the IGBT at on-state is defined by the piatiesibng the pn-junction,
the p-channel and the drift region, Figure]2[2,][28],[26].the NTC operating region
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compared to the nominal ratings of the device the voltagp @ronainly, caused by the pn-
junction. At a higher current level belonging to the PTC @piexg region, the drift region
is considered to have a resistive behavior and the voltage dcross it dominates the
IGBT collector-emitter voltage. A general model for the IGBdllector-emitter voltage is
expressed as

Vee = ‘/;e,O(T) + T’C(T, iC)iC (27)

whereV. , the zero-current voltage drop across the pn junction isaligedependent on
T, r. the equivalent resistance of the drift region and the p-obhdepending on the
temperature and the collector currén®he instantaneous conduction losses of an IGBT-
based power module are, typically, calculated

Peonijin = ‘/ce,Oic + rcig (28)

For the average conduction losses

T
1
po.o_1 : 2.
con,i,av T /vcezcdt ( 9)
0
whereT is the time period for the losses calculation. With the hdl@07) the average
conduction losses along a cycle are expressed as

Pcon,i,(w = ‘/ce,OIc,av + 7n(:]c%rms (210)

wherel, ,, andl, s are the average and RMS current of the semiconductor, résggct

The value ofV,., and of the channel resistance can be calculated with thedfdlpe
datasheet using the slope of thév..) curve at a current close to nominal, provided that
the semiconductor operates at this current level [35].:Tte. ) curve is typically provided

at least for 2 temperature levels, usually, 2%0d 125C.

The datasheet, often, lacks the values for current levels at the low current NTC operat-
ing region. A linearization is, often, used for this opengtregion. The approximation is il-
lustrated in Figure 218b using the datasheet of the IGBT neodBB 5SNA 1600N170100
[36]. The value ofv., with a sensing current at the level ofi Xor this IGBT module that

is used for this work can be used for the estimatioi,of.
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Figure 2.8: (a) Switching energy losses curves as a funatior,. for ABB 5SNA
1600N170100 and approximation for low NTC operating regiarrent value and (bi).

as a function ob,. curve for ABB 5SNA 1600N170100 and approximation for low NTC
operating region current value.

IGBT switching losses

The switching losses are defined as the energy producedydhersemiconductor device
turn-on and turn-off phase, as shown in Figure 2.9. For thekimg losses measurement,
it is needed to define the time window in which the voltage andent are recorded.

According to [37], the losses are measured within the tinséaints of Figuré 219 that are
presented in Table 2.4.

The reverse recovery effect of the diode that is part of threroatation process [38] be-
tween the diode and the IGBT of the same leg results in an aveemt of the IGBT at
the turn-on phase. The over-voltage at the IGBT turn-off phasaused by the leakage
inductance of the power circuit.

TABLE 2.4: Turn-on and off measuring instances.
Turn-on energy loss Turn-off energy loss

ton,l ton,2 toff,l toff,?
Voe = 0.10g.0n  Vee = 0.02V0 | Vye = 090,00 I, = 0.02i,
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Figure 2.9: Switching power losses measurement.

As an example, the energy loss of a switching-on event camloalated

ton,2
Esw,i,on: /vceicdt (211)

ton,l

where the time interval between the time instanpts andt,, » is considered for the losses
estimation. The turn-off energy loss per switching evént; , s is calculated accordingly
using the time instants of Figure 2.9 and Tdblé 2.4.

The switching energy loss can be calculated based on therpoogule datasheet infor-
mation, where the reference values for the switching vel@gd current are provided, or
with the help of the curves such as Figlre 2.8a. The calomati the voltage and current
level of the application is defined by [35]

Esw,i = sw,i,ref(]
ref

) (14 TCou(Tj = Tey) (2.12)
VDC,ref

whereE;, ; .. s is the value of switching losses measured at a referencerguand voltage
L.y andVpc . r, respectively, current factdt; that is considered equal to 1, voltage factor
K, that ranges from 1.2 to 1.4,and V¢ the values of current and voltage of the actual
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application,I'C';w the temperature coefficient equal to 0.003the junction temperature
andTj,ref the junction temperature at reference conditions. Sintdathe conduction
losses case, the IGBT module datasheet lacks the switclsagdwalues for current levels
at the low current NTC operating region. If there is no prgpetconverter to measure the
losses, a linearization is a commonly used for the switclosges estimation at different
voltage and current levels [39], and, especially, in the IXC operating region, as shown
in Figure2.8a.

It is deduced that even using the datasheet values, theésesmnot match exactly with
the operation, since almost no parameter in the actualcgtign will have the same value
as the one in the measuring process. For instance, the secoé@&xternal gate resistance
values leads to longer switching dynamics and, as a resuiigher switching losses [40].

The average switching power losses can be calculated wathelp of [2.1B) for a given
switching frequencyf,,

ton,2 toff,?

Psw,i,cw = fsw( / Uceicdt + / Uceicdt) (213)

ton,l toff,l

IGBT blocking losses
The instantaneous power losses at blocking state can hdataid with the help of [41]

T; —Ty

DPblock,i = ‘/cesicesz JATd (214)

whereT] is the junction temperaturé; . ; is the reference temperature from the datasheet
andT} is the constant with the rule of thumb that states thatiloubles with every increase
of 11 C and considering the duty cycle the average blocking losses become

ijT.re

Pblock,LaU = ccices2 ATy (1 - D) (215)

The IGBT blocking losses are not considered for the voltagktha temperature level
of this work. Based on the example [41] for a BI5IGBT module, the blocking losses
due to the collector cut-off current or leakage currépnt could be considerable with a
junction temperature close to the upper operating limitasecof insufficient cooling or
inappropriate IGBT module mounting on the cooling plate.
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2.5.2 IGBT antiparallel-diode switching and conduction losses

Similar to the IGBT conduction losses, the diode forwardagétv and the conduction
instantaneous and average losses are calculated [35]

vp = Veo+rp(T,ip)ip (2.16)
Peon,d,in = VF,OiF + TD,Z?? (217)
Pcon,D,av = VF,OIF,au + TD]Z%‘,w'ms (218)

whereVy, the zero current voltage drop, the equivalent resistancg; the diode forward
current,iz,, the average forward current ang,,,,s the RMS forward current.

The diode reverse-recovery energy losses of a switchirngnhsas illustrated in Figure
[2.9, are calculated with the help of

trr,Q
Erec,D = / UF’ith (219)

t’r‘r, 1

where the integral is defined for the time duration of the rese@ecovery effect in Figure

2.9.

The switching energy loss can be calculated based on therpoodule datasheet infor-
mation, where the reference values for the switching veleagd current are provided. The
calculation at the voltage and current level of the appliceis defined byl[40]

1 Vi
V) (LA TCu(Ty = Tyrey)  (2:20)
]ref VDC,Tef ’

Esw,D - Esw,D,ref(

where K; that is considered equal to 0.5 to 06, that is equal to 0.67'C;w equal to
0.005 to 0.006. Similar to the IGBT case, a linear approxiomais usually the choice for
the calculation at different current and voltage levels.
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2.5.3 Main thermal-stressing factors and aging mechanisms

The thermal stressing of power electronic modules thatisea by their own power losses
during operation is one of the factors that determine thietime. Several studies, which
are based on accelerated testing of IGBT modules, demantigdtthe three main thermal
stressing parameters are the maximum, minimum or mean tatpelevell; ..., T} min

or Tjmean, respectively, the temperature variation during the pogyete AT, and the
power pulse duratioh,, or heating time, [42],[43],[44],[45].

The relation of lifetime in terms of number of cycles for a cifie temperature profile
at junction level is expressed with the following equatioRsstly, in chronological or-
der, is the equation proposed in [8] which, additionallylte aforementioned parameters,
includes structural characteristics of the IGBT module sagthe diameter of each bond-
wire D, the current level per bond-wirkethat depends on the number of bond-wires per
chip and the blocking voltage of the chifa

N; = AAT]ﬂ(ﬂ)tfy@Vﬁs Dy (2.21)
7,min

whereA, Bs, 53, B4, P5 and5g are constants.

The most recent equation by Semikron adds extra structheacteristics such as the
bond-wire aspect ratior that is the ratio between the maximum height of the bond-wire
and the distance between the two connections points of thd-tvire with the module
surface([46]

C+ (t(m)VX E,
C kBiTj,meom

Ny = ACATj’”(ar)ﬁlATjwo( ) faiode (2.22)

where E, is the activation energy;z the Boltzmann’s constant andl., 51, 5o, faiode, ¥
andC' are constants. This model concerns sintered chips.

Figure[2.10 illustrates extrapolated IGBT lifetime curveséd on([42]. It shows the re-
lation between the IGBT number of cycles and the temperatar@tion for two levels
of maximum junction temperature. The influence/st; in lifetime is greater than the
influence of7} 4.

The main aging mechanisms originating from thermal stngsare [43]:

e Bond wire lift-off or heel-cracking illustrated in Figute . It results from the
heating cycles when current is flowing in the bond-wires #ratusually made of

24



1E+13

Number of cycles
= = =
m m m
+ + +
= [A o
o = N

1E+09

100000000

10000000

1000000

100000

2.5. Thermal stressing of IGBT modules

P
S apprb\xlmatlon

\
\ i

\ '-IJ
\
\

)
\
N\ 75°C
\

20

30 40 50 60 90

80
AT, [*C]

Figure 2.10: Lifetime curves of IGBT modules [42]

aluminum. New products with copper bond wires have beenqgseg by manu-
facturers[[47] providing lower thermal expansion coeffitiand higher electrical
and thermal conductivity. However, the material cost analaggcal footprint is a
disadvantage of this solution [48].

e Chip-DBC or DBC-baseplate solder fatigue due to crack formaasnllustrated in
Figure[Z.12. The solder cracks result from the differentrtie expansion coeffi-
cients between two consecutive layers.

Figure 2.11: Bond-wire lift-off captured with Scanning Blen Microscopy (SEM)[[49].

According to [43], the solder fatigue has a strong connectvdh ¢,, and a weaker con-
nection withATj;. Bond-wire lift-offs have a strong connection witki/; butt,,, does not

25



Chapter 2. Methods for IGBT modules temperature estimatioraging detection

26

IGBT (Si
: (Si)

e

S

Figure 2.12: Chip solder fatigue captured with SEMI [49].

seem to be critical judging from the results of the accedetdifetime tests. The impact of
T;.mean S€EMS t0 be the less significant for the main aging mechanidmgreater impact
of AT; compared to the impact @t ,,,cq,, Or T} 4. iS €vident from lifetime curves of man-
ufacturers demonstrating the number of cycles for diffelevels of AT; andTj .., for
instancel([42]. It is crucial to form all the layers with theahexpansion coefficient values
as close as possible to each other, as presented in[Tablie ®r2ler to have a uniform
expansion and contraction for the materials and avoid sci@eks.

2.6 Experimental methods for indirect IGBT junction tem-
perature measurement

The junction temperature estimation is necessary for therthl stressing evaluation and
the lifetime estimation of the IGBT modules, as describedhm previous section. As

already mentioned in Chapter 1, the temperature estimatiarbe obtained with mea-

surements of TSEPS [12]. The IGBT module is characterizetienekpected operating

temperature range, in order to obtain the relation betwee™SEP and the temperature.
The temperature estimation with the help of TSEP is conettlas an indirect temperature
measurement method.

The main TSEPs that are presented so far in the literaturéharsaturation voltage,.
with load current([18]v.. with sensing current [18], the threshold voltage [14], the
internal gate resistande;,,; [15], the short-circuit current;. [19], the turn-on delay,,,
and the turn-off delay,, ;s 4 or dv/dt [16], [17]. The main characteristics of each method
are presented in Tadle 2.5. The sensitivity of themethod with load current varies with
the current level depending on the operating region, astilited with the help of (2.1).
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This method requires a high calibration effort due to theethelgnce to many parameters
such asv,, current and the temperature dependence of the moduleitgarasistance
R,.-. The sensitivity of thes,. method with sensing current is at the level b 2/°C.
The method exhibits high accuracy because it is, pracficaliependent of the DC-link
voltage and of the load current as well as of the modules p@asadue to its low level cur-
rent at the level of 1/1000 of the nominal current/[26]. It hasmple calibration procedure
by using a thermal chamber, setting the temperature arelifféevels and measuring.
with a specific sensing current at every temperature levalvéver, thev.,. measurement
with sensing current and without load current flowing in teengconductor can, only, be
realized, if the semiconductor is isolated from the resthef power circuit. Therefore, it
is necessary to modify the power circuit and to stop the p@lestronic convertés nor-
mal operation. Thé/;, method can, potentially, have low calibration requirersghtit it
is dependent on gate parasitic inductaieg,, gate internalk;,,; and external resistance
R..;. The measurement requires precise timing and high banklwidhe measuring cir-
cuit. The peak gate current method is based on the tempermdépendence ak;,;. The
sensitivity depends on the manufacturer and the semicomidiechnology, since the value
R;,; varies. The measurement needs precise timing and the dd@slgmmeasuring circuit
is linked to the gate drivés design.

TABLE 2.5: Main methods for indirect IGBT junction temperature of measwent based
on TSEP

Sensitivity / Measuring circuit Power circuit
TSEP calibration effort particularities modifications Dependence
depends on i ) Vges tes

vee l0ad current module parasitics and

operating region / high

power leads
vee SENSING current 2V /°Cllow | g%cfisss(fgigor:
Vin 4mV/°C I high precise timing R”Z’GR”’S’
Peak gate current depends on manufacturer, recise timin Dependé on gate
9 3mV/°C I low P 9 driver design
Ise 0.3454/°C' [ High - By-pass switch -
Switching time 2ns/°C . gate drive design
(ton,d>toff) high fastand precise timing circuit parasitics

The method that is based on the short-circuit curfgnhas a sensitivity of approximately
0.34/°C meaning that it needs very precise measurement for higlerstr The short-
circuit current has a cumulative degradation effect on thee g@xide. Additionally, this
method requires additional by-pass switches, in orderaaterthe short-circuit path. This
method depends an,. and the configuration for short-circuit protection of theésgariver
as well as on the parasitics of the circuit. Finally, the rodththat are based on the switch-
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ing of the semiconductor have a sensitivity afs2°C' that sets the requirement for a very
fast and precise measuring circuit. Additionally, thelmation effort is high.

In conclusion, all the methods except for the method and.. with sensing current can
be applied without power circuit modifications. They cangmtially monitor the tempe-
rature online and without intermissions of the power etattr convertés operation. On
the other hand, the methods basedifn on the peak gate current and on the switching
times put extra requirements on the gate driver and canndireetly applied to a power
stack after its development phase has finished. Tauseith high current is promising
but the dependence on many parameters causes a high catitetiort. Thev.. method
with sensing current seems to offer great accuracy withguifgcant calibration effort
due to the absence of dependence parameters provided thattaomittent operation of
the power electronic converter is not a requirement. As rmeatl in Chapter 1, for the
specialized application at CERN, where a series of powerrelg@ctconverters have to be
tested during factory acceptance tests and service stopsgtout their lifetime, the,.,
method with sensing current can be applied. For this agmitathe online monitoring
due to the predefined load profiles is not necessary. Theratib of the IGBT modules
is simple with this method, but it is an issue if it has to be lenpented in an already
assembled power stack. In Chapter 4, a solution is proposdddbcalibration using the
v.. Mmethod with sensing current.

2.6.1 Aging detection of IGBT modules withv.. measurement

The second challenge for this work, after estimating thetjon temperature, is the aging
detection of the IGBT modules and the separation of the agieghanisms. The aging
detection in this work is focused on the aging mechanism&oélkwire lift-off and solder
delamination. An indicator of bond-wire lift-off, which,iextensively, tested in laboratory
conditions, is the small increment of, with high current at the level of a fem 1 [50],
[24], [23], [13] and [51]. A great advantage of this methodhiat it can be implemented
with the same measuring circuit as the method with sensing current, benefiting in terms
of measuring circuit development and power stack testifaytef

The effect of resistance increase is amplified at a currgst tdose to the nominal rating.
This increment results from the increase of the parasitistance, when a few bond-wires
serving as parallel current paths are lifted 0ffl[24]. Ondkteer handy.. measurement in
a current close to the nominal rating is highly dependentiantjon temperature affecting
the precision of the measurement even with a small temperahange

Solder crack results in a change of the thermal path redubanghodulés ability to trans-
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mit the produced heat from chip level to the cooling mediutine Junction temperature
under the same operating conditions increases, if soldakarccurs. Solder delamina-
tion detection leads, also, tova. increase for current levels in the PTC operating region,
whereas it leads to a.. reduction in the NTC operating region. By using with load
current as an aging indicator, the aging mechanisms are dificelt to distinguish when
operating in the NTC operating region. In the NTC operatiegion, the bond-wire lift-
off and the solder delamination electrical effects can layeand disguise each other due
to the fact that the former aging mechanism leads to an iseretv.. whereas the latter
results in a,., reduction[52], due to the increase of the thermal resigtamthe heat prop-
agation path. As a result, the. reduction due to solder delamination may not be detected
if bond-wire lift-offs occur causing.. to increase. At the same timeva increase in the
PTC operating region could not be directly linked to anyoh#he two aging modes.

The TSEP-based methods that are presented in séction 2 iotantially, detect, even on-
line, the junction temperature change due to solder craoktifer proposed method for
the solder crack detection uses a baseplate temperatiger$Bf], in order to calculate
the temperature at junction level with the help of electrertmal models called Lumped
Parameter Network (LPN) models. The LPN models are preddater in this chapter.
This method requires a very accurate sensor and precise pasgeestimations, in order
to calculate the temperature at junction level. Additibpdhe temperature dynamics at
junction level are filtered out at the baseplate level.

The results in[[53] have shown that a typical increase in @BT module thermal resis-
tanceR;, of 20% leads to a case temperature rise of about@ for the inverter system
tested, and this corresponds to a maximuid $hcrease of the junction temperature. The
junction temperature increase cf(@is significant and an earlier aging detection would
be necessary. Therefore, more accurate baseplate tenmpemaasurements that can be,
clearly, related to the solder cracks should be conducted.

The methods using.. with sensing or high current are selected in this work to lee th
most suitable for the detection of the two main aging medmasj if the non-intermittent
operation is not a requirement for the application. The ati@ristics of the specialized
application are presented in Chapter 3. Themethod with sensing current can provide
an adequate level of accuracy for the temperature estimageded for the solder crack
detection, whereas the, method with load current provides clear indications of bond
wire lift-off.
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2.6.2 Power circuits for aging detection using.. measurement

Recent methods have been presented in the literature foGBE moduleSaging detec-
tion by usingv.. measurements with sensing or load current. These methedssad in
accelerated lifetime tests or they are presented as paitsotutions for field applications.

A circuit incorporatingv.. measurements with both high and sensing current measure-
ments, Figuré 2.13a, has been proposed_ih [24]. The measntexhhigh current is fol-
lowed by a measurement with sensing current, in order to rtiekaecessary corrections
for the high current,.. method and to indirectly measure the junction temperatye.
combining again,.. measurements with sensing and high current and by usingthe s
set-up as in Figure_2.13b, it is proposed [in|[54] that a sottiamination can be de-
tected based on the thermal resistafg estimation with sensing current. The thermal
impedance is calculated

- T

Zth (t) - P
loss

(2.23)

whereTj, T, is the junction and case temperature, respectively, And are the power
losses produced by the device.

The requirement of a high current source and a blocking IGB@utein series as well as
the need for an extra sensor at the baseplate levekforalculation makes this method
less suitable for already developed power stack desigrzeming on the application the
high-current source may have to have several times highiagsathan for the low power
application in[54] and [24], as it is the case for the applaraof interest.

In Figure[2.18b[[22], the DUT disconnection for the method with sensing current be-
comes complicated by adding four switches, their drivinigudts and logic for the switch-
ing sequence, in order to redirect the load current for a feching periods. Accordingly,
it is inconvenient to connect and control switches in serngk an inductive load during
technical visits to suppliers. Using the same principle, tiethod in[[2B] combines the
v.. methods with sensing and load current for aging detecti@tdiond-wire lift-off or
solder delamination. In this case, the calculation of thegrttal resistance for the aging
evaluation requires measurements with high current, agdhee point of a sinusoidal cur-
rent profile and at the same temperature conditions, as wellsensor at baseplate level.
To produce a sinusoidal output it is required to control tbe/gr electronic converter and
to have an output filter.

As already mentioned, the, measurement with high current for bond-wire lift-off de-
tection is highly dependent on temperature and, in additioa influence of the inter-
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connections resistance to the measurement has to be defimednethod in[[55] that is
illustrated in Figuré 2.13c is proposed for bond-wire éff-detection in low power IGBT
devices based on,. measurement in the ZTC operating region. The detectionaiZC
operating region for low power IGBT devices was, also, dertrated in [56] and[[57].
No temperature estimation can be achieved in this curresriabipg region, therefore this
method does not detect solder cracks. For all the aforeorestti methods, an additional
difficulty that has not been brought out in the literaturehe talibration of the IGBT
modules at sensing and at load current in an already assepdleer stack and without
modifying the circuit.
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Figure 2.13: Power circuits for aging detection of IGBT maulsing thes.. method
with sensing or load current: (a) power circuit with addi@b high-current source and
relays forv.. method with sensing and load currentl[24], (b) power ciradth current
redirection forv.. method with sensing and load current![22], (c) power cireih test
inductor only forv.. method with load current in the ZTC operating region [55].

For the application of interest, a method offering adeqpageision with minimum de-
pendence to other parameters, as well as ease of implementathout power stack
modifications and connection of extra power componentssgetk for the assessment of
the power stack integrity along its lifetime.

2.6.3 Circuits for v.. measurement with load and with sensing current
State-of-the-art of v, measuring circuits
The design of a.. measuring system is an important step for the aging and texrtyse

monitoring of IGBT modules. The structure ofta. measuring system generally com-
prises the protection stage, the isolation stage and thalsiglaptation stage. Figure 2.14
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presents the trends for the circuits that have been propséar. The circuit in Figure
[2.14a(22] is based on the connection of the DC-link in serigk the DUT (IGBT1 or
IGBT2). A MOSFET (AS2 or AS1), is connected in series with ags®n resistor to
bypass the IGBT in parallel and to adjust the sensing currewtrff through the other
IGBT of the leg. No extra current source is needed, but the DKabltage value must
remain constant to guarantee the correct sensing currierg. \rais not oriented to real ap-
plications with a varying DC-link. The input voltage to the asering system is clamped
with the use of ASC1-Rcl and ASC2-Rc2 for the upper and lower IG&3pectively, to
protect the measuring circuit from the DC-link voltage treaapplied to the IGBT when
it is at off-state. This measuring system requires syndheshswitching of three MOS-
FETs and the appropriate resistors per DUT. The circuit gufé[2.14b like the circuit
Figure[2.14a, uses extra switches, in this case depletioSIMED s, to protect the measur-
ing stage from the power circuit [25]. The resistor in seteeshe MOSFET guarantees
that the potential,; becomes negative and the switch is turned-off when the DOpsst
conducting. Similarly, another measuring system is patébased, again, on transistors
for the high-voltage blocking and on resistive voltage diarj see Figure 2.147 [68].
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Figure 2.14: Trends af,. measuring systems for medium and high voltage IGBT modules-
With green the DUTs used fat.,. measurement. Circuits in Figures (a), (b), lower (e), and
(9) use additional switches whereas (c), (d), upper (e) Bné passive elements.
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This circuit is developed to provide the calculated temfpeeaat load current to the con-
troller and adapt the control action according to the thémstr@ssing of the device. It
comprises a voltage divider that is used for the detectiaghefGBT entrance into satura-
tion and two MOSFETSs for the high-voltage blocking that cecirthe IGBT collector to
the input of an amplifier.

The circuit in Figuré_2.T4c consists of two voltage dividerdimit the input to the op-
erational amplifier, a falling edge detector to detect wHenDUT is conducting and a
monostable multi-vibrator to give the command for the measent to start [59]. The
main concern for this circuit is the right choice of the vgkadividers values and of the
correct gain tuning for the operational amplifier, in ordebe able to measure the satu-
ration voltage, the voltage dividers frequency responsktla@ delay configuration of the
multi-vibrator. No current source is needed for this saolutiif it is targeted for the)..
method with load current.

The upper circuit of the pair of circuits in Figure 2/14d issbd on a series of diodes
to clamp the high voltage [60]. When the DUT is conducting, iieasured... is lower
than the sum of the forward voltage drops of the diodes. T¢e af the current through
the diodes with the DC-link voltage increase leads to the ggapof the lower circuit
voltage in Figurd_2.14d, where a voltage source is appliedsacthe DUT when it is
conducting. The,.. measurement results from the subtraction of the voltagecedavel
and the forward voltage of the two diodes. The upper cirduhe pair of circuits in Figure
[2.14e is based on a Zener diode and two resistors that limitulhrent, when the DUT is
blocking [61]. One of the circuits proposed in this work issed on the same principle
and is analyzed in Chapter 4. As an alternative for the meaggsistem protection and in
order to avoid the power losses produced by the Zener diodenwhe DUT is blocking,
arelay is proposed for operation at high DC-link voltage leve

The circuit of Figuré 2.74f [62] is based on the desaturatistection circuit that is in-
tegrated into the IGBT drivers as an overcurrent and shaortsti protection [[63]. It is
designed for the.. measurement with high current. A current source is injgcéircon-
stant low current of 1@ A to the blocking diodes D1 and D2 creating a current loop when
the DUT is conducting. The operational amplifier outputsby subtracting two times the
voltage drop of one blocking diode from its input voltageeThain concern for this cir-
cuit is the calibration and the thermal coupling of the twoddis, in order to ensure equal
forward voltage values for the same injected current. Feunttore, two precision current
sources with fast settling time comparing to the switchiegga would be needed, if this
circuit was used for the.. method comprising a sensing current.

Considering the implementation complexity, the measuriygfesns that are based on
Zener or pin-diodes are advantageous in terms of numbemoponents that are needed.
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Concerning the measurement precision and the calibratfort,ghe characterization ef-
fort can be limited by using components which exhibit wellided characteristics in the
operating region of interest. It is a key element for the sized application to develop
measuring circuits that require minimum effort of caliltvatand simple operation.

Critical factors for v.. measurements

Observing the measuring circuits of the previous sectian,doncluded that the.. mea-
surement imposes several requirements extending to trageaspects; the protection and
isolation, the speed and, finally, the precision of the twtehsuring system.

Protection of measuring system

The measuring circuit has to be capable of measuring a whatpw 1/ for the case of

the sensing current, at the level of up to a few volts for tteallourrent method and with-
stand a fluctuation that can be at the kilovolt level. Commothods for the protection
at the input of the measuring system are a voltage dividdgakimg or a Zener diode or,
finally, an additional switch. The isolation of the Data Adtion System (DAQ) is, of-

ten, realized with digital isolators connected with thepufitAnalog to Digital Converter
(ADC) or with analogue isolation operational amplifiers. Eaption exhibits require-
ments in terms of precision.

Precision of measurement

The precision of the measuring system has to be imthescale, due to the sensitivity of
vee With sensing current that is about’. If the signal adaptation circuit is omitted, the
main factors that influence the precision are the high veltaigcking elements and the
sensing current source or the high current measurementoltage divider as well as the
resistor values have to be selected properly, in order tdheeta measure the saturation
voltage with a resolution ofi2V/°C. Regarding the blocking diode, it has to be thermally
and electrically characterized for the current imposed.té\ least one current source
is needed in most of the circuits, if the. method is used. The current source precision
and output ripple are crucial for the measurement. The gaitage levely,. is an extra
parameter to be considered, especially for the high cumerthod. As described in [64],
ve at high current is sensitive tg,. It is necessary to wait until,. stabilises in order
to initiate the measurements. This delay may hinder the uneasent, in case of a high
switching frequency with a narrow measuring window.

Speed of measurement

The online measurement within a measuring window that isketguthe duty cycle of the
switch is challenging in terms of:
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e current source rise time

¢ signal conditioning system settling and desaturation

e vy, settling time

For a time window equal to the duty cycle of the DUT the following relation holds

tsettling + ktsampling,DAQ < DT (224)

wheret,mping, pag 1S the sampling time of the Data Acquisition System (DA®)and
integer greater than 2 according to the Nyquist criterioth ‘Arthe switching period. The
settling timet .., iNCludes the measuring circuit and thg settling intervals. It must
be mentioned that, in the case of using themethod with sensing currenk, (2124) is valid
only if the sensing current is injected in the device dingetiter the device is turned on.
If the sensing current follows a full current conductiorertha time interval at the level
of hundreds ofus has to pass, in order to start the measurement. This delacessary
to avoid the effect of electron recombination that coulduefice the measurement [65].
Hence, the).. capture, when the load current reaches the sensing cuaieat, vnay result
in inaccuracy in the acquired data. Tablel 2.6 summarizeseiipgirements and concerns
for the three main design aspects of the measuring system.
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TABLE 2.6: Overview of the main considerations for the design of.aneasuring circuit
Design aspect Requirements Main concerns

-Resistive voltage divider
selection and gain of amplifier
for signal adaptation
-Blocking diode characterization
Protection Blocking voltage atl” level -Zener diode characterization
-Extra circuitry for
additional switch for
voltage clamping
-Additional switch calibration
-Current source ripple,

Precision maximum nvV accuracy not better thary2
corresponding to°l' -Independent of,. over 10/
-The concerns mentioned for the protection
-Current source rise time
-Conditioning circuit settling time
Speed for online measurements: -Resistive volta_ge divider dynamies
meas. window< D -Zener/measuring resistor matching

-vge level stabilization
-Electron recombination

2.7 Junction temperature estimation with thermal mod-
eling

Apart from the experimental methods, the estimation of émepterature can be achieved
with the help of thermal modeling. The two widely applied hwts for the thermal mod-
eling of IGBT modules and of their cooling system are the Eiilement Method (FEM)
for off-line temperature estimations and the Lumped PataraéNetwork (LPN) for on-
line and off-line temperature estimations.

2.7.1 Finite Element Method modeling
The Finite Element Method requires as an input the geométityeomodeled system for

the temperature calculation at each point of the volume [Bl6¢ principle is the splitting
of the geometry in small pieces. The dimensions of the pideére the results’precision.
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This procedure is called meshing. For all the nodes forntiegpieces, the unknown vari-
ables are solved with the help of heat transfer and fluid m@ckaquations. FEM pro-
vides precise results at every point of the volume and o#iesisual demonstration of the
modeled effects. However, it is necessary to know the aetgjeometry and the compu-
tation can have a long duration and be demanding in termssotirees.

2.7.2 Lumped Parameters Network modeling

The method of Lumped Parameters Network defines the eqonoaleetween thermal and
electrical parameters [67]. The thermal resistance, therthl capacitance and the heating
power resulting from the semiconductor power losses cpoms to the electrical resis-
tance, the electrical capacitance and the current, ragpelgct-inally, the temperature is
the thermal equivalent of voltage. The thermal resistaigeand the thermal capacitance
Cy, of a layer of the geometry can be calculated, respectively,

Ry, = — (2.25)

Cy, = cpdA (2.26)

whered is the material thicknesg,is the material density, is the thermal conductivity,

A the surface area andthe specific heat capacity. If the dimensions of each layer of
the geometry and the heat propagation angle from each laytietnext are known, a
LPN comprising a sequence of RC blocks can be developeduasited in Figure 2.15a.
Each RC block corresponds to a layer of the geometry. ThiseiCduer thermal model
that models the physical behavior of each layer if heat idieghpThe semiconductbr
datasheets typically include the Foster model of Fiqur&l2.1t is a relatively simple
mathematical tool to calculate the junction temperatuteibuhis case, the RC blocks do
not correspond to the physical layers of the geometry.
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Figure 2.15: (a) Cauer thermal model representing the gegn(iel Foster thermal model.

The Foster model is obtained from the thermal impedanceecuinvthe power modulés
datasheets, the waveform of the thermal impedance as adométime shows the change
of the capability of the power module to extract the produueat to the cooling system as
a function of the time and for a dc current step. For the thermpedance measurement
by the manufacturers, the junction temperature, the reéereemperature that, often, is the
case temperature and the conduction losses of the powerlenadumeasured. Accord-
ing to [37], the IGBT is heated with a DC-pulse until it reachesrinal steady state and
vee With sensing current is measured during the cooling-dowre tof the IGBT switch,
immediately after the DC-pulse is cut. The advantage of tlathod is that it offers a pre-
cise value of the power losses since the IGBT conducts witktaeahcurrent and constant
v at thermal steady state before the cooling down occurstiPallg, the cooling tem-
perature curve is the inverse of the heating temperatureecbut the turn-on effects of
the gate voltage that influence the conduction losses aidexliorhe Foster model that is
obtained from the thermal impedance curve can be transtbtcna Cauer model, but the
RC blocks of this Cauer model do not represent the physicatdayfehe geometry.

2.8 Summary

After comparing the available methods for junction tempeeestimation, it is concluded
that a combination ob.. measurements with sensing and with load current is a suit-
able method to estimate the junction temperature and tcageng of an IGBT module
throughout its lifetime. The aging detection in this workasgeted to the two main ag-
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ing mechanisms, the bond-wire lift-off and the solder deteation. Thev.. method with
sensing current provides great accuracy and ease of dalibtaut it requires circuit mod-
ifications, whereas the.. method with load current can be implemented with the same
measuring circuit as the method with the sensing currentpaodides clear evidence of
bond-wire lift-offs. On the other hand, it is highly dependen temperature. To apply
these methods, measurements circuits of high accuracy ameham calibration, as well

as power circuits that enablg. measurement with sensing current without modifications
are of great importance. The description of the charatiesisf the specialized applica-
tion in Chapter 3 is going to further justify the selectionloé$e methods.



Chapter 3

Case set-up for magnet power supply

3.1 Introduction

This chapter introduces the application of interest ancptiveer electronic converter that
is used as a reference for this work. It presents the funalityrof the converter and the
main experimental set-ups that are used. The special ¢bastics of the application are
analyzed with the help of calculations and thermal simatetiwith LPN models and FEM.

3.2 Reference power electronic converter

The power electronic converter that is used as a refererdoadseto a family of magnet
power supplies/[68]. It is a medium-power electronic coterethat exhibits the ratings
presented in Table3.1.

TABLE 3.1: Magnet power supply operating characteristics
Characteristic Value
Peak output current [A] 450
RMS output current [A] 200
Peak output voltage [V]  +/- 450
Switching frequency [Hz] 6500

It can be connected as a module in various configuration$, asiin series or in parallel
depending on the ratings and characteristics of the magaetgly the inductance and
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parasitic resistance, as well as on the current profile. Tveep circuit is illustrated in
Figure[3.1. The power electronic topologies that are us¢ddanmagnet power supply are
a diode bridge and an H-bridge. The H-bridge is built withrfeungle-switch HiPak SPT
IGBT modules by ABB with ratings 160001700V [36]. The brake chopper is used in
case of excessive energy recuperation from the magnet.
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Figure 3.1: Converter power circuit.
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The typical current profiles of the reference magnet powppsuare of trapezoidal shape
varying in ramp-up, ramp-down and flat-top time duratioeg, Biguré 32 for pulse defini-
tion and Figuré 313 for different profile forms. The curremt@itude per module remains
at 454 that is slightly above the NTC operating region for the IGBTdules of the appli-
cation [36]. The greatest parts of the current ramp-up angbrdown belong to the NTC
operating region. The H-bridge operates as a DC-DC currantecter to supply the DC
current to the magnet.
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Figure 3.2: Magnet current pulse shape.
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Figure 3.3: Different output current profiles of the magneifsy.

The requirements for the magnet power supplies at CERN ardifetighe of at least 20
years without unscheduled maintenance stops and highsmreadf the output current.
This work focuses on the assessment of the power 'stackdition throughout its life-
time. With the help of the method called IGBT Power Stack IritggAssessment (IPSIA)
that is proposed in this thesis, the assessment of the ptaedissintegrity is realized even
before the commissioning phase during factory acceptaste and during scheduled ser-
vice stops. To this direction, thermal design validatiod preventing maintenance can be
achieved. Applying a specific current profile, this methaguiees av.. measuring circuit
for measurements with sensing and with load current to sehltmperature and condi-
tion monitoring based on the analysis in Chapter 2.The egjstiductor of the output
filter of the magnet power supply is a perfect example of a kbad can be used for the
implementation of the method. In this case the load of themaagower supply has to
be short-circuited. Further theoretical investigatiomshis work propose thermal stress-
ing mitigation with appropriate design of the cooling systand with online strategies
engaging operation parameters such as the switching fnegwend the gate resistance.
These investigations are presented in Chapter 6. FigurdBstrates the different phases
in the lifetime of the power stack together with the corresfing actions proposed in this

work. Figure_3.b introduces the concept of the method ththbej analytically, described
in Chapter 5.
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Figure 3.4: Different phases in the lifetime of the powecktand corresponding actions
proposed in this work.
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Figure 3.5: Overview of integrity assessment method.

Figure[3.6 shows the magnet voltage and current waveforma fh&s pulse for a mag-

net of 100nH and 0.1). The flat-top voltage drop is caused by the parasitic rasista
of the magnet. During the ramp-up and ramp-down the magr&igeis constant as a
consequence of the inductive load.

The current loop inside the H-bridge, in a simplified formillisstrated in Figuré_3]7, if



3.2. Reference power electronic converter
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Figure 3.6: Magnet current and voltage.

the output filter is neglected. The unipolar output curremises the unbalanced opera-
tion of the H-bridge semiconductor devices. The devicesdhain the current loop are
the diagonal IGBTs M1, M4 that control the output current,eptfise the freewheeling
diodes of the switches M2, M3 create a path for the currenirtoilate. Theoretically, the
converter can still operate by omitting the diodes of M1, Ml ghe IGBTs of M2, M3.
The switches M2, M3 provide the possibility for the resetle tagnés flux density to

a specific point in the magnetic flux density and magnetic foeeidze or B-H curve by
applying negative current.

M1 M2

H0F A

Load

M3 M4

- .

OFF ON

(a) (b)

Figure 3.7: H-brdige operation: (a) IGBTs conducting, (egwheeling diodes conduct-
ing.
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The average output voltagé of the H-bridge is calculated for the application of intéres
and for a conduction time,,, within a switching period’,, [69]. For a bipolar switching
operation, ifD is the duty cycle of the switch M1,

T
D=2 3.1
T (3.1)
Vo =Vian — Vi = VaeD — V(1 — D) = V(2D — 1) (3.2)

Accordingly, the average current at M1 and the anti-pdrditele of M2, respectively, are

[c,av = DI, (33)

IF,av - (1 - D)IO (34)

wherel, is the output current and the RMS current values are calclulate

Ivms = VDI, (3.5)

ID,Tms = (1 - D)Io (36)

The specialized application of the H-bridge as a magnet pewpply, mainly, exhibits
three special characteristics:

e in some cases, the long heating time or lepgthat can cause solder delamination,
according to the thermal stressing factors of Chapter 2, 2ad additional thermal
stressing factor according tol [9] and [8]

e the asymmetrical operation of the topology by exploitindyamo IGBT switches
and two anti-parallel diodes out of four for each device type

e the operation, during the greatest part of the ramp-up amg+@own, in the NTC
operating region

The operation in the NTC operating region is investigatetiénChapter 4, in order to find
any thermal stressing unbalance among the parallel coeoh&8BT chips. This unbalance
could be considered in the thermal models.
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3.3 Experimental set-ups

This section presents the main experimental set-ups thatwsed for the different exper-
iments conducted in this work. Three alternatives are pitese

e Set-up for current sharing investigation

e Two alternatives of the set-up for the presentation of théhoekfor the integrity
assessment of a power stack

3.3.1 Set-up for current sharing investigation

Figure[3.8a and Figufe 3.8b illustrate the open IGBT modud¢ ifused for these tests.
The connection of the gate and emitter pads of the moduletivitlyate driver is imple-
mented with the construction based on spring probes thiltssrated in Figuré 3]19a. The
spring probes are pressed on the gate and emitter pads ttamatectrical contact. The
soldering of cables on the pads was not possible due to tledlextcthermal design of the
module that allowed the heat to propagate to the other lagsrebserved in Figurie_3.8b,
the four substrates of the IGBT module can be controlled iaddpntly. The temperature
on the chips of the open module is monitored with the infrax@tera T440 by Flir having
a frame rate of 66 z. The IGBT module is painted black with a special paint thatdas
high emissivity. According td [70], the selected black pavwasM OT 1P — 04031 and the
emissivity setting for the thermal camera was 0.95 thatesaterage number of the cor-
rected emissivity for the expected junction temperatungeaduring the IGBT operation.
The infrared camera measurements were evaluated beforestise A power resistor was
painted black with the same paint as the module and it wastesth current injected
by a laboratory power supply. The temperature at the sudtiee power resistor was
monitored with the thermal camera and compared with a theooq@e attached on the
resistor. The two measurements were in accordance at thieoleY’C'. The control of the
substrates and the measurements acquisition is done witbndblinstruments Data Ac-
quisition (DAQ) systent/.S B6251. This DAQ system is used for the measurements acqui-
sition and the control of the IGBTSs for all the experimentatges. The module is placed
on an electrically and thermally insulating surface, inesrtb be heated up by hindering
the heat propagation below the baseplate. Eventually,eesiyre levels are achieved that
are comparable to the real application. An overview of thegrccircuit of the test bench
with the independent control of the substrates is illusttah Figurd 3.9.
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€) (b) (©

Figure 3.8: Experimental set-up for current sharing ingasion (a) Driver connection to
the module, (b) Open module, (c) Test set-up for current lamoa detection.
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power supply gl-"-l(} off----!G g3 offt—|

Gate drive

unit {53

DCCT-
differential current
e dremen

Figure 3.9: Overview of test bench for NTC operating regiothwon-uniform heating of
substrates.

The current difference between the two substrates is medsvuth a Direct-Current Cur-
rent Transformer (DCCT), as illustrated in Figlire 3.10, tHeiwes high precision mea-
surements [71]. The power module that is painted black,wlwegate drivers driving the
two substrates and the DCCT with the current differential mesament between the two
branches for the third test are illustrated in Figuré 3.8we DCCT is a high precision
instrument offering isolation with measurement uncettathat can be down to a few
parts per million (ppm)[72]. It exhibits a limited bandwidbf up to a couple of hundreds
of kHz and measures current up tok2D[73]. Its principle of operation is illustrated in
Figure[3.10.

The change of the primary currefjf causes a change of flux and an induced voltage on
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Is
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Figure 3.10: DCCT operation principle [73].

the secondary windings of the toroids. The voltage is fechéopgower amplifier and the
resulting current causes a flux at the secondary that opplsasitial flux change. The
secondary current that is created is a mirror of the primaryent with the turns ratio of
the two windings relating the two currents. The DCCT can be dseithg the calibration
and right before the use of the measuring system or evengitirehactual monitoring.

3.3.2 Set-ups for condition monitoring method

The power circuit for the demonstration of the method for ithtegrity assessment of
the IGBT power stack comprises the power stack of the magmve¢psupply that is the
H-bridge controlling the DC current to the magnet, the diogtifier and the DC-link,
according to Figure 3l1. An auto-transformer is used foratiestment of the diode rec-
tifier input voltage. Figures 3.11a and Figlre 3.11b prowviderviews of the two power
circuits alternatives. The difference in Figlire 3.11b canegd to Figuré 3.11a is that an
open IGBT module is connected in series to the inductor. Tanadl free-wheeling path
for the load current in case of an accidental turn-off of therolGBT module during oper-
ation, power resistors are connected in parallel to thedtofuThe set-up df 3.11a is used
for junction temperature and thermal resistance estimstiwhereas the set-up of Figure
[3.11b is used for the detection of bond-wire lift-offs andBllGmodule incorrect mounting
on the cooling plate. The results obtained from these setang provided in Chapter 4.
The current probe TCP404XL with a bandwidth of 2MHz and 1% igien is used for the
load current measurements. The measuring circuits that are developed in this work as
well as their calibration and testing are presented in Chdpte
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Figure 3.11: Experimental set-up variations: (a) Powecutirdiagram for temperature
and thermal resistance estimations, (b) Power circuitrdragor testing of thermal paste
application and bond-wire lift-offs.

Figure[3.IRa and Figute_3]12b illustrate the power circoiitesponding to Figurie 3.11a.
Figure[3.1Pb provides an internal view of the power swplower circuit.

The cooling circuit has a central, manual valve for the flote negulation, a flow sen-
sor and two temperature sensors at the inlet and outlet wkahat the experiments are
conducted under the same operating conditions. The coplatg of the power stack is
connected in parallel with an external and identical cappiate, as illustrated in Figure
[3.13. An on-off valve that is connected in series with theemdl cooling plate offers the
possibility to cut the plate water flow. An open and black-painted IGBT module of the
same type as the power st&ckwitches is mounted on top of the external cooling plate.
The open module is used for thermal measurements with aaréufrcamera.

The ratings of interest for the power circuit are providedatle[3.2.
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(@) (b) (c)

Figure 3.12: Experimental set-up pictures: (a) Experiralesgt-up with H-bridge output
connected to open IGBT module, (b) Internal view of powerlstag Inductive load with
power resistors in parallel.

TABLE 3.2: Ratings of interest for the power circuit of the experimestttup

Parameter Value
DC-link voltage,V,. for experiment 560
RMS output current/, ., approx. 1501
Allowable peak output current,, .. 4504
IGBT switch nominal current/voltage 16401700/
Nominal flow rate of water cooling systerf, 121/min
Inductive loadL;,qq/ Rioad approx. 12 H/1.1mOhm
on/off
valve
Temperature C_J};\‘ r 8 L
sensors (S |—i B "
o] Cooling plate
~ with open

QB Flow
sensor

ST T

:o FaS
o] [¢] -

&
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modules of power stack

Regulation
valve

o] @]

I

To cooling
network 51

Figure 3.13: Cooling circuit of experimental set-up.
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During the testing of the experimental set-up with bipolaitshing of the H-bridge, an
oscillation was observed at the load voltage, as illustratd-igure 3.14 for a DC-link of
200V. It is caused by the load inductance and the parasitic cigpae of the semiconduc-
tor switches. A ferrite toroid is placed around the powerleatose to the load to damp
the oscillation.

~

Vload/ 30 [V]

(=]
—
—
—
—
-
=
—
=
P
P

Figure 3.14: Load voltage oscillation at end of current resiopn.

3.4 Thermal modeling with Finite Element Method

FEM in COMSOL environment is used to simulate both heat conoilm@among the solid
parts of the power stack as well as heat convection to cooletgr. For the cooling part
of the model, the water flow is considered turbulent aftecwating the Reynolds number
[74] value greater than

d
R, = “—Vh > 4000 (3.7)

whereu is the cooling medium velocity,, the inner pipe diameter andthe kinematic
viscosity of the cooling medium. Turbulent flow is more etiai for convective heat trans-
fer [74]. The power module dimensions are defined based osune@ents on the open
module and on literature search for chip dimensions ancestdgers materials and prop-
erties [75], [76], [3] and[77]. The dimensions, the matkaiad the characteristics of each
material for every layer of the IGBT module as well as the disiems of the cooling
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plate are provided in Appendix A. The geometry in COMSOL emwinent is illustrated
in Figure[3.15.

AR
diode chips IGBT chips outletX inletX

Figure 3.15: Power stack geometry in FEM.

The modeling of the IGBT module follows the method that is jmsgd for IGBTs of the
same type as in_[78]. Heating power is injected to the wholemie of the upper one
third of the IGBT chip. The junction temperature of the IGBT rtacorresponds to
the average temperature in the volume of the heated parteathips. For the thermal
impedance calculations using FEM, the case temperatufeeigterage temperature at
baseplate level of the surfaces directly below each chip.drka of each surface is equal
to the chip area that it corresponds to. As shown in Figur8l, 3tk first verification step is
to compare the thermal impedance characteristics of boBT1®-case and anti-parallel
diode-to-case to the datasheet characteristics. The FEd&Imoatches well, especially
close to steady state and it is acceptable, especially toctimparison of simulations
results with static temperature measurements, as it igdoibe analyzed in Chapter 4.

= = =]GBT datasheet = - Diode datasheet
----- Diode FEM = ===IGBT FEM
time [s] o1
0.003 003 o3

s -
— -
5

Zth (<) [K'W]

0.001

0.0001

Figure 3.16: Thermal impedance of both IGBT chip-to-caseanrtdparallel diode chip-
to-case comparison between FEM and datasheet for IGBT angdamatlel diode([36].
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The second verification step that the FEM model passed isoihgt@nt heat power injec-
tion to the chips and the comparison of the amount of the fegebeat power with the
heating power that arrives to water. The only path for the pegpagation is defined to be
from chip level towards water and no heat is transferredeéathbient. The verification is
done with the help of(318). The third verification step is toenparison between the FEM
model and the cooling plate datasheet in terms of pressogelmtween inlet and outlet.
According to Figuré 3.17, the total pressure drop of theioggdlate that is calculated with
FEM for a cooling flow rate of 12min is approximately 5tbar. The total pressure drop
value for the module that is provided by the supplier is appnately 260nbar, which is
close to the calculated value. The difference could resoihfthe point of measurement
for the supplier, for instance if the pressure sensors arg@laoed exactly at the connec-
tions points of the cooling plate and if there is an angle engipes connecting the cooling
plate connection points with the pressure meters.
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Figure 3.17: (a) FEM results for pressure inside the pipgb@power stack cooling sys-
tem for 12/min , (b) Suppliefs data for total pressure drop of the cooling plate.

3.5 Thermal modeling with Lumped Parameters Networks

For the demonstration of the the thermal stressing per ddorca typical magnet current,
the current profile of Table_3.3 is used as a typical profiletf@ magnet power supply
of interest. With the electrical circuit simulation softeaPsim by Powersim the junction
temperature profile is calculated using LPN modeling aldng turrent profile. Figure
[3.19 shows the power losses of the switch M1 and of the swit2hahti-parallel diode
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that are illustrated in Figufe_3.1. In the simulation, thevgfarms for switch M4 and M2
anti-parallel diode are identical to the waveforms of theicks that are illustrated. For
this demonstration, the simulation model uses the mod&l9hds a starting reference.

TABLE 3.3: Typical profile of magnet current

Characteristic Value
Ramp-up [s] 0.1
Ramp-down [s] 0.1
Flat-top [s] 0.17

Zero current interval [s] 0.83

Current amplitude at flat top [A] 450

The simulation sowftware PSIM provides a thermal simulatioolbox that is coupled
with the electrical simulation environment. It is possilbdecreate components that are
based on the datasheet of semiconductor devices. The IGBGhswfithe application is
electro-thermally simulated. The thermal model of the postack is a series connection
of Cauer models of the components, namely of the power modweohthe combined
thermal paste and water-cooling system. The thermal mddéledGBT power module
is provided in Foster form in the datasheet. The Foster medehnsformed to a Cauer
model, in order to connect it with the Cauer models of the tlapaste and of the cooling
plate. The Cauer model resembles more the physical respbtise power module as a
complete system of separate layers of different mate(@@ff Therefore, the Cauer model
of the IGBT module can be connected in series with the Cauer hodtige thermal paste
and the cooling circuit that are calculated based on thejisiphl properties. In practice,
this is a preliminary thermal stressing evaluation thatpgliad in the design phase and
inaccuracy due to the connection of different Cauer modeisauvaur. Figuré 3.18 shows
the Cauer thermal model structure and Table 3.4 the mode¢salthe Cauer model of
the combination of thermal paste and cooling plate is baitdal on the suppliardata.
The reference temperature that is represented as a votiageesn Figuré 3.18 is the inlet
water temperature. The water temperature rise during thepstack operation is, often,
neglected in the LPN simulations. The water temperatueeatshe outlet of the power
stack cooling plate comparing to the inlet can be calculasdg the relation

(3.8)

where() is the cooling medium flow raté&;, is the cooling medium thermal capacity gnd
is the material density. For the worst case in terms of thesinassing, the maximum tem-
perature at junction level would increase by an additioeatll of AT" according to[(3.8),
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if the outlet water temperature was used in the model of IEBIGUE8 instead of the inlet

water temperature. For the application of interest, eadill@odule is cooled along its

surface by pipes with water having a temperature close tonteewater temperature and
by pipes with water temperature close to the outlet watepaature. The representation
of the cooling system geometry is provided in the next sactio

POWER MODULE TIM+ COOLING CIRCUIT

R R4 R5

R1 R2 3
:ICl ICZ Ics IC4 :ICS

Figure 3.18: Power stack thermal model.

Tamb

TABLE 3.4: Cauer thermal model values from the Foster model values @&T Igovided
by the IGBT manufacturer foR,-R, andC;-C, and Cauer valu®&;, C5 per IGBT for the
cooling plate based on power stasknanufacturer data

Thermal resistancey /W],

Thermal capacitance/[ K] Value
Ry, Cy 0.0009, 0.8295
Ry, Cs 0.0009, 2.3211
Rs, Cs 0.003, 6.4027
Ry, Cy 0.0057, 24.3602
Rs, C5 0.025, 1200

The energy amount that is dissipated per switching everaicutated based on the IGBT
datasheet with a linear extrapolation at the lowest rangeiwént in the switching losses
graph, for the gate resistance values of the power stackoareddC-link voltage of 700'.
This case is used as it is the worst case for the IGBT switclosgds as the switching
energy values are provided in the datasheet ford2%or the diode reverse recovery
energy estimation, a linear approximation for the gate esistance of the application
based on the datasheet is used. Again the worst case 6€'li25used. The reason is
that in a mix of cycles, the maximum junction temperaturehhige higher than for the
demonstrated cycle alone. A preliminary evaluation for fBBT total switching power
losses for thef,,, of the application is

Psw,i,av - (Eon + EOff)fsw ~ 2890W (39)

57



Chapter 3. Case set-up for magnet power supply

58

that is very close to the switching losses of approximat@ky@)” calculated in PSIM. The
total IGBT and diode losses are illustrated in Figure 3.1i8.dbserved that the conduction
losses of approximately 380 are much lower than the switching losses. A main reason is
that at the flat-top the duty cycle is low because the outpltage of the power converter

is equal to the voltage drop of the magseesistance. The output voltage in this case is
approximately 90, as in Figuré 3]1.

——IGEBT power losses Diode power losses

3000
2500
2000

1500

Powrer losses [WW]

1000

500

0.00 0.20 0.40 0.60 0.80 1.00 120
Time [s]

Figure 3.19: IGBT and freewheeling diode power losses focthreent cycle of Table 313.

The temperature profiles during this cycle for the IGBT M1 dmeldnti-parallel diode of
switch M3, according to Figufie 3.7 are presented in Figu28.3.

The maximum IGBT temperature and the temperature swing gr@@mately 14C and
9°C, respectively, higher than for the diode. The switchingéssof the IGBT are the main
reason for the greater thermal stress of the switch compé#vithe diode. For this work,
the focus is on the mostly stressed device, i.e. the IGBT.

The cycle of Tablé 313 for the first 1s2s applied to the FEM model and it is compared
with the results of LPN model of Table 3.4. For the LPN modeé mmanufacturénvalue
for thermal resistance from case-to-water of each IGBT nme®dulised not including the
thermal coupling between the IGBT modules. The temperattoflgs for the LPN and
FEM simulation models are shown in Figlre 3.21.
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Figure 3.20: IGBT and freewheeling average junction tentpeeacalculated with the LPN
model with water-flow rate of 12min and water inlet temperature 27.
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Figure 3.21: Comparison of IGBT junction temperature respahsing the first cycle of
the 1.2 current profile based on FEM and LPN simulations

3.6 Summary

A typical magnet power supply has an H-bridge that is usedS-®C current converter.
The current profile is, usually, of trapezoidal form and canyin terms of ramp and flat-
top time reaching &, time of several seconds. The operation is asymmetrical agages

only two diagonal switches and two anti-parallel diodes aiuthe eight semiconductor
devices in total. A significant part of the current profile dreds to the NTC operating
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region, whereas the peak current is slightly above the ZT&aimg region. It is observed
with the help of LPN modeling that the thermal stressing imte of maximum junction
temperature and junction temperature variation is sigafiy higher for the IGBT than
for the anti-parallel diode. A methodology is presentediierdevelopment of the thermal
model of the power stack in FEM.
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Chapter 4

Current sharing in high-power IGBT
module in the NTC operating region

As it was presented in Chapter 3, the IGBT modules of the apgitaperate extensively
in the NTC operating region. This chapter investigates tmeenit sharing effect in the
NTC operating region of the high-power SPT IGBT module usethenmagnet power
supply. The current sharing between two of the mo@useibstrates is demonstrated in
case of temperature unbalance and its impact on the thetreaksg of the device is
evaluated. The motivation for this investigation is theleation of the thermal stressing
and of the necessity to include the effect of the current lamu in the thermal modeling
of the power stack. The results of this investigation ardipbied in publication IV.

4.1 Research background

Previous works have demonstrated the current sharingrerduevels close to the nominal
ratings of the power module both at steady statée [80], [8d]during switching dynamics
[82], [83], [84]. In these cases, the uneven current shaxiag a result of the temperature
unbalance among the substrates due the cooling systemo dloe deviation at the char-
acteristics of the chips or due to asymmetry at power modulgower circuit level. As

it has been indicated in [80], a significant temperaturesd#ifice between the chips may
exist as an effect of the pipe distribution inside the caplatate or of the degradation of
the thermal paste.
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4.2 Method for the investigation of current unbalance in
NTC

The proposed method for the current unbalance investigatidiTC is to use two of the
four substrates of the power module and measure the curiféatedce between them
when they operate under different temperature levels. €kis for the investigation of
current unbalance were executed in three steps:

e Thermal characterization in a thermal chamber to definedlaion between IGBT
saturation voltage with sensing current and junction tawatpee for each of the two
substrates.

e Test for current unbalance due to power circuit asymmetry

e Test for current unbalance due to temperature differentvedss the two substrates.

The first step of the experimental procedure was to therncalfyacterize the power mo-
dule in a thermal chamber, in order to obtain the relationvben the saturation voltage
and the temperature at junction level for various tempeeatvels. The thermal charac-
terization is done for a sensing current of.1t is the same calibration procedure as the
one that was described for thg, method with sensing current for indirect junction tem-
perature measurement in Chapter 2. In this way, it is ensinadhere is no significant
inherent difference between the two used substrates ofGBd Imodule. Figuré 411 de-
picts the relation betweemn, and7; for three different measurement configurations; one
series of measurements for each of the substrates and othie fiovo substrates operating
in parallel. All the measurements are done under a conlielleemperature range from
30°C to 100C'. The fact that the lines for substrate 1 and 3 coincide shbastheir
thermal behavior is almost identical with a maximumdifference of 3nV'.

Secondly, in order to measure the current unbalance dueetaitbuit asymmetry, one
pulse of k each at different current level up to 1@Qvas applied to the two substrates
connected in parallel with the power supply operated inenursource mode. The tem-
perature rise at chip level is considered negligible, beedhe current is low (nominal of
504 per substrate). Moreover, the heat that is propagated tisoteting material below
the IGBT module is not enough to rise the temperature for stioe time duration close
to the IGBT modulés time constant. The temperature difference between thestive
strates was, also, considered negligible. Figure 4.2 shiogvsurrent levels of the pulses
and the corresponding current unbalance that was meastiseobserved that the relation
of the current unbalance and total current level in the diisdinear. This result implies
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Figure 4.1: Module partial thermal characterization: twbstrates separately and the two
substrates in parallel.

that there is a constant circuit asymmetry that, as expeaemmplified as the current

increases. The current unbalance due to the circuit asyminas to be subtracted from

the current unbalance that is measured for different teatper conditions between the
two substrates. The effect of the different temperatureshi® cables of each branch can
be neglected. Therefore, the effect alone of the NTC opeyaigion can be isolated and
evaluated.
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Figure 4.2: Current unbalance between the two substratesodciecuit asymmetry for
different current values.

For the third step of the tests, in order to achieve a temperatifference between the

two substrates, the power supply is operated as a voltageesand the current is shared
between the substrates that are switched at the same switithguency but at different
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duty cycles, as illustrated in Figure B.9. The temperaturéoor different chips, two for
each substrate, was monitored with the infrared cameraiderdo measure the tempe-
rature difference between the two substrates. The expetarage carried out only with
substrates 1 and 3 that are depicted in Figqurk 4.3 to medsuitrent sharing between
them for currents up t60A per substrate and for different temperature distributidimss
current value corresponds 200 A for the full module that represents the operating region
where the NTC effect is mostly evident, as it can be obsemétgure 2.8b.

Figure 4.3: Open module drawing.

4.3 Results from tests in the NTC operating region with
non-uniform heating of substrates

As observed in Figure_3.9b, each substrate consists of tadedihips that are indicated
with the letter D and four IGBT chips that are indicated witle fletter I. The infrared

camera monitors the temperature at two chips on substrate @ratwo chips on substrate
3. The current unbalance between the substrates is measuredrious current levels

and temperature differences. The circuit asymmetry eftestibtracted from the current
measurements. Takle 4.1 presents the current unbalanearfous current levels and for
different temperature deviations between the two sulestrat

According to[3.9, the temperature difference between thpsctan be explained with
respect to their positions. The chip T1 is at the outer pathefmodule, where there is a
temperature difference towards the ambiance at the sideeaombdule and the heat can
propagate more easily. The temperature of chip T2 is pogiticlose to chip T3 that has
the highest temperature, as it was observed with the thecarakra during the power
cycling. The temperature difference between chips T2 angsE3result of the fact that



4.4. Impact on thermal stressing distribution between ttisgates

TABLE 4.1: Current unbalance for various current levels and temperaliffierences

Temp. of 2 chips Temp. of 2 chips Max. temp. Ut;webt\akllggﬁe
(T1and T2) (T3and T4) | difference between the 2 subs.
Total current 4] | onsubs. I°C] | onsubs. 3°C] two chips[°C]| [A]
40 41, 42 46, 48 7 0.4
60 42, 44 48, 49 7 0.45
80 82, 85 90, 91 9 0.45
100 67,71 80, 82 15 0.5

the surfaces of the insulating material and of the lower pathe IGBT module are not
perfectly flat. Therefore, air can penetrate between theswéaces changing the heat
propagation in different places on the IGBT module.

Focusing on the current unbalance, the difference is betWekl and 0.4 in all cases.
The highest current unbalance is measured at]1@@at means at an average ofbper
substrate or 12.5 per chip. The temperature difference between the hottestaluest
chip reaches I8 , which is not considered as a common condition. On the otAedh
the current unbalance of 0.45at 604 and 8 with a temperature difference of@
and 9C, respectively, is a realistic case [80]. The current untmdadoes not seem to be
significant even for high temperature difference betweenwo substrates. The junction
temperature for a total current of 8ds higher compared to the 1@0case because it is
influenced by the heat stored in the insulating materiaMaéh@ DUT from previous tests.

4.4 Impact on thermal stressing distribution between the

substrates

The next step is to evaluate the impact of the measured ¢wndalance on the thermal
stressing distribution at substrate level by taking thestvoase of 10@ and 15C tempe-
rature difference as an example. With the assumption of alalge inductance unbalance
that could influence the current sharing between the twotgatbs during the switching
dynamics, a difference of the average total power losseBlob2tween the two substrates
is calculated using a linear approximation for the low cotregion. The switching losses
are much higher than the conduction losses for this apitaas it was demonstrated in
Chapter 3.
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VDC Ic
—— fow + DVl 4.1
VDC,ref Ic,reff ( )

-Ploss,i,cw - (Esw,i,on,'r’ef + Esw,i,off,ref)

Eswion re Eswio re Vi ]5 - Is
Af)loss,i,zw - ( Lonre] i ol frel be 2 = fsw + D‘/ce(.[s,Q - Is,1)%2W

4 VDC,’/‘ef ]s,ref (4 2)

whereEs, ; onrey @aNd Eg, ;o1 1rep are the reference turn-on, turn-off losses, respectively,
both according to the device datasheet for a total modulkectiof 204 divided by four,
since the calculations are for one of the four substrateseofrtodule . .. s the datasheet
reference voltagel/,. the DC-link voltage of the application equal to 9001, ,., four
times lower than the datasheet reference curtdgstis the saturation current of substrate
3 equal to 50.28, I, is the saturation current of substrate 1 equal to 48.a6d V..

the saturation voltage, respectively, at 200rhe switching and conduction losses are
calculated for a given temperature of 225 The calculations are for operating conditions
that correspond to the actual application with a duty cyclef Bpproximately 0.5 and a
switching frequency,, of 6.5¢ H ». Based on[(4]2), the difference in power losses for the
two substrates is not significant. It should be mentionetttte power losses difference
would be higher, if the temperature difference was takemaastount for the power losses
calculation. For this investigation, the focus is on theentunbalance impact at the losses
and the impact of temperature unbalance is neglected.

In order to calculate the increase of power losses, if thetsate operates 40.25A com-
pared to the balanced operation a5@nd based o (4.1), it can be found that

-Ploss,50‘25,av o (Esw,i,an,ref + Esw,i,on,ref)VDCIc,Q fsw + 4D[c,2 ‘/;elc,ref vDC,'ref
F)loss,ii(],av (Esw,i,on,ref + Esw,i,off,ref)VDCIc,stw + 4DIc,3‘/ceIc,ref VDC’,ref

leading to a power losses increase of approximatel§015 (4.3) /. is the saturation
current of 50.23l and/. ; is the saturation current of 30

(4.3)

The power losses increase of @.Eompared to the ideal case without any current un-
balance means that there is no significant thermal streshifegence between the two
substrates, even for a temperature difference 6€19 he current unbalance in the NTC
operating region as well as the impact in the thermal modéh@fiGBT module can be
neglected.



4.5. Conclusions
4.5 Conclusions

Considering the operation in the NTC operating region, tfecebf the temperature un-
balance between the substrates on the current sharingpoter device was investigated.
The measurements and the calculations indicate that tfezetite in the current between
the two substrates and the additional thermal stressimgattbstrate that carries the high-
est current are not significant. Therefore, it is not neggssaconsider it for the thermal
modeling of the H-bridge operating at the NTC operatingargMoreover, it does not
seem to influence the lifetime of the power modules.
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Chapter 5

Method for IGBT Power Stack Integrity
Assessment

5.1 Introduction

This chapter proposes an electrical test for testing thegity of an IGBT-based power
stack assembly initially during factory acceptance tests later in service stops during
regular operation. The method is referred to as IGBT PowerkStategrity Assessment
(IPSIA) method, as it was introduced in Chapter 3. The follayyparagraphs describe how
the method can be used during factory acceptance testsict dssembly issues and verify
the thermal performance of the power stack. During sentimess bond-wire lift-offs can
be distinguished from solder delamination. Moreover, tv&asuring circuits offering ease
of calibration and reduced number of components are prapfose¢he v, measurement.
Their performance is, initially, tested with an experinadiset-up that emulates a phase-leg
of the considered power magnet supply. The IPSIA methodak/aed and is tested using
the power stack of the power magnet supply described in Cha@pExperimental results
are presented and compared with results from FEM and LPNIaiions to demonstrate
the methots applicability. The content of this chapter is based on papand II.

5.2 Developed.. measuring circuits

The IGBT Power Stack Integrity Assessment method is basedmbioedv.. measure-
ments with sensing as well as with load current. Twomeasuring circuits are analyzed.
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5.2.1 Zener diode-based.. measuring circuit

The circuit and the working principle of the first developedmeasuring circuit are pre-
sented in Figure 5l1. The circuit comprises a measuringteesie in series with a Zener
diode, as depicted Figure 5.1a. It is connected in paralehe of the two single-switch
IGBTs of a phase leg. The voltage across the Zener diode id Bqua, if the DUT is
conducting, according to Figulre b.1c. If the DUT is blockitite voltage across the Zener
diode is equal to the Zener voltage and the rest of the DC-litlage is applied across the
measuring resistor, as shown in Figure 5.1b.

IGBT equivalent model IGBT equivalent
Vce measuring . in saturation mode / model in saturation
. Measuring .
circuit . sensing current mode / load current
— resistor Devi n + )
Measuring Device ' |—— Rmeas evice Measuring I7L Measuring
resistor Under T_est__ S0KO Under Test ] resistor resistor
I - § Rmeas |OFF\ I 1 Rmeas Rmeas
— N leener ON ON x v
I ® - 1 X 6.8 'Y Vce,saﬂ ce,sat2
- T A% 0 1
out out out
out

_|
©) - @

— 4(& —
- (a) -1 (b -

Figure 5.1: (a) Overview of proposed Zener-bagganeasuring circuit, (b) Circuit output
if DUT is blocking, (c) Circuit output if DUT is conducting usgy the equivalent of the
IGBT at saturation.

The current source is protected from the high voltage witb high-voltage diodes in
series. In parallel to the source, there is a MOSFET and atoesthis parallel branch is
optional, in the case that the current source is not fastgimtauraise the current within the
measuring window. The MOSFET path can be used for rampindpeipurrent in advance,
i.e. during the off-time of the DUT.

5.2.2 Components selection for Zener diode-based. measuring cir-
cuit

The Zener voltag&’, has to, initially, fulfil two requirements

Vee < Vtz < min(%,ma:p,op—ampa VDAQ) (51)
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Vee KV, (5.2)

whereV; 4z 0p—amp 1S the maximum allowable voltage of the operational amplidied
Vpag of the Data Acquisition System. The saturation of the anglifian delay its re-
sponse due to its desaturation time and has to be avoiddtg ineasurement requires
fast dynamics in a small measuring time window. The secogdirement results from the
leakage current of the Zener diode, when the DUT is condgciihe voltagev.. has to
be significantly lower thafv, to ensure that the minimum leakage current will flow in the
measuring resistor.

The measuring resistor is selected based on four critehi@fifst one is the measurement
dynamics due to the RC circuit created by the Zener diode dapae and the measuring
resistor. The second criterion is the maximum allowableeZenrrent flowing in the diode,
when the DUT is blocking the voltage. The increase of the@tethperature increases this
current. The Zener current value has to be kept minimum talabhe Zener temperature
increasel;, according to

Rth,j—apz = Rthlz,av‘/z = AT‘]’,z, (53)

where P, is the conduction power losses of the Zener didde, is the average Zener
current during the switching of the DUT amil/} , is the estimated junction temperature
of the diode that has to remain as close as possible to thenaboaunditions o25°C' in the
datasheet. Thirdly, it is the leakage current of the diodé s voltage-current relation,

Rmeas[z,leak - ‘/i,error (54)

whereI,., is the diode leakage current ahg.,.,. the measurement error in the opera-
tional amplifier input voltage. The leakage current canteraanotable voltage drop across
the resistor that has to be compensated at the circuit oufpetinput impedance of the
operational amplifier of Figufe 5.1 is considered infinitenpared taR,,,.... This assump-
tion helps for the impedance matching Bf,... and of the operational amplifier input
impedance. In detail, the measuring resistor has to be muehes than the amplifier in-
put impedance, in order to eliminate the voltage dividee&fbf the measuring path and
to maintain a precision ofi2V'. For thev.. method with sensing current and for a known
maximum measured voltagde. ,,....14 the relation of the two resistors are

v o Rmeas
Rmeas -
Rmeas + Rop—amp

Vop—amp (5.5)

71



Chapter 5. Method for IGBT Power Stack Integrity Assessment

72

with the help of

Vvopfamp + VRmeas = ‘/ce,ma:p,lA (56)

and of

VRmeas S 2mV (5'7)

using the value of 2V to respect the measuring circsiprecision requirement

Rmeas V eas
= B (5.8)

Ropfamp ‘/ce,max,lA - 2‘/RmeaS

whereV,. q..14 COrresponds to the minimum operation temperature of theulrrodhe
thermal drift of ?,,,..s does not have a significant impact neither on the speed ndreon t
precision of the measurement. For this design.., should be at least &92, in order to
maintain a low temperature increase for the Zener diode dlits teakage current. The
Zener diodeBZ X55C6V 8 with a Zener voltage of 618 is selected for the low leakage
current at the measuring range of the application. Accortlinthe datasheet [85], for a
Zener voltage of up to12, it limits the leakage current to below 104. For the charac-
terization of the Zener diode in terms Bf and leakage current, the set-up of Figuré 5.2a
is used and the measurement error is obtained along.tmeasuring range for measure-
ments with the sensing and with load current in Fidure 5.2b.tke IPSIA method the
exactuv,. is important at the sensing current level for the tempeeaggtimation.

For commonly available Zener diodes with a leakage currettiealevel of uA and in
the worst case in terms of leakage current2at’C’, the voltage drop across the measuring
resistance may reach 80/ or more that corresponds to almostdQerror at the tempe-
rature estimation with the.. method with sensing current. The leakage current increases
as the measuring voltage approaches the Zener voltage.efes Yoltage should be much
lower than the measured.. Foruv,.. with load current, a Zener diode with a Zener voltage
over 10/ is recommended respectirig (5.1). From the thermal resgpagés in[[85], the
expected temperature increase for the diBdeX55C6V'8 is approximately°C' accord-
ing to (5.3).

Additionally, the sensing current source precision anguwoutipple are crucial for the
measurement. For a sensing current dfifhjected to the 1.64 IGBT open module, the
corresponding loss of accuracy in the voltage measuremehs a result, in the tempe-
rature estimation is illustrated in Figure b.3.
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0.018
8
5 0.013
Rmeas V § E
| =2 @ iZ
VDC=O.5—2V<) £ & 0.008
z = <
S >
= 0003
0.5 1 1.5 2
DC-source voltage [V]
(a) (b)

Figure 5.2: (a) Set-up for the measurement of the error dileetéeakage current of the
Zener diode, (b) Measured voltage drop across measurirggaeas a function of the total
voltage applied across the series-connected measuristpreand Zener diode.

0.529
Error
+1.5°C

0.527 +1°C

5 0.525

0.523

0.521
0.94 0.96 0.98 1 1.02 1.04 1.06

Sensing current [A]

Figure 5.3: Measured sensitivity of.. with sensing current for the ABB 5SNA
1600N170100 IGBT module [36] fdr,. equal to 1% and a temperature of 22 used as
a sample in this work.

It is observed that for a sensing current of & deviation of 20ml can cause an error of
2mV or 1°C . The required precision for the sensing current sourcdasively low at 2%
and can be achieved with the current sources available im#nket. The characterization
is done with a power module at 22, which is the the room temperature. The linear
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regulator LT3080 by Linear Technology with adequate prenisind a current response
to steady state of approximately:d, as shown in Figure 5.4 with the IGBT module as
a load, is used as the sensing current source, in order td aeise emitted by current
source alternatives such as PWM switching LED current seuitie ripple level is the
same as the ripple level before the current rise and is naechy the current source.

2

Ve[V]

1.5

1

0.5 Pt WVA- st otastith i Utemm
L

K.OO

E+00 5.00E-07 1.00E-06 1.50E-06
-0.5 time [s]

-1.00E-06 -5.00E-07

Figure 5.4: Current source response to steady state witli3a& module used a load.

The operational amplifiers circuit consists of a precisimpbfier with a high input impedance
that, directly, receives the.. value and the output of this amplifier is connected to the
isolation operational amplifiefSO124 by Texas Instruments. The amplifier before the
isolation amplifier is introduced because the input impedaof the latter is only 20@?
being comparable td,,..s causing a voltage divider effect, as described[byl (5.8). The
implemented measuring circuit is illustrated in Figurésbahd its schematic is provided

in Appendix B.

The set of batteries of Figure 5.5b is used for the power supithe card that makes the
measuring device portable and eliminates any noise intedlby the supply. The number
of batteries can be reduced by four units compared to Fighkeiba supply voltage of &
instead of 18 is used. Furthermore, the operation amplifier before tHatism amplifier
has its own battery supply to avoid unbalanced supply of sb&afion amplifier, if the
battery voltage level is reduced during operation. Theggfihe number of batteries could
be reduced even by five units. The device is enclosed in alinetatl grounded box. It can
be connected directly in parallel to the DUT at the powertetgic converter in the field.
The advantage of this design is the simple circuitry withvahmmber of components and
the fast and easy calibration of the Zener diode.

As an advancement to the method for the measuring circu@Xjf fhe effect of the Zener
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Measuring Battery
circuit supply

(a) (b)

Figure 5.5: Prototype of Zener-based portahleneasuring circuit: (a) Upper side - mea-
suring circuit, (b) Lower side - Battery supply .

diode selection and of its leakage current, especially founder high current, is investi-
gated and it is considered for the accuracy improvement.mtete design procedure for
the measuring circuit is proposed facilitating the develept. Finally, a switch in parallel
with the sensing current source is proposed in case thentwsoeirce had a rising time
that was slow compared to the measuring window inside thekimg period of the DUT.

The Zener-based circuit fat, measurement with sensing and load current is used for the
validation of the IGBT Power Stack Integrity Assessment roéth

5.2.3 Measuring circuit for v.. based on desaturation detection circuit

A starting point for the typical desaturation detectiorcuit is shown Figuré 5l6a. The
blocking diodeDy is used for protection. Resisté; and capacitor’; form a low-pass
filter. For thev.. method a measurement throughout a voltage range is negesshia
threshold voltage detection is not needed. To avoid theentisource that is proposed in

The design principle is to keep the diode forward voltageat a constant value. This
enables to subtract a constant from the measurement and obtain. A constantvz
requires a constant supply voltage and.ahat ranges within values that do not practically
changei . The resistor defines the current-. The value ofl - is defined by

im = w (5.9)

As a demonstration, this measuring circuit has been claraet forv.. measurements
with sensing current, but its application can be extended,.taith load current. Based on
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Figure 5.6: (a) Desaturation protection circuit and (b)ga®ed pin-diode based. mea-
suring circuit based on the desaturation protection pgpleci

the open IGBT module thermal characterization with a sensumgent within the range
of junction temperature levels that are expected duringatjms, the range of.. change
is approximately from 0.38 to 0.53/, according to Figureé 57. In this case, could
exceed 0.58 for low temperature values. Therefore, no essential changg is caused
within the definedv.. range. For instance, by selecting theand R values accordingly,
the voltagevr is stabilized between 1.089and 1.09” for ai» of 2mA and an ambient
temperature of about 20" for the given range of... The resistorR is the most deci-
sive factor forir andvyr change and nat... The supply voltage, can be formed with a
voltage divider from the supply of the operational ampliiennected acrosSr and the
IGBT emitter. It has to be a fraction of the amplifier supply nd@r not to drive the am-
plifier to saturation. The amplifier network is the same asienZener diode-based circuit.
Concerning the variation afr of the pin-diode with ambient temperature, a calibration
should, always, be implemented at the ambient temperafutieeaesting environment
before a series of measurements.

The circuit in [62] is a solution to actively subtragt and, as an effect, cancel this ambient
temperature variation. As it is shown[in 21 14f, the uppeddiof the measuring system is
assumed to have the same electrical and thermal behavibe dswer diode. Therefore,
by measuring - in the upper diode ) in the lower diode is obtained. The effect of the
two diodes can be subtracted from the measurement with thefudifferential amplifiers
to obtainv... The advantage of the proposed circuit in this thesis, coegot the similar
circuit of Figure[2.14f,[[62] is that no precision currentisce is needed, in order to define
a constant. For the proposed method, there is no need to use any addisonrce
except for the sensing current source. Moreover, it requirdy one pin-diode instead of
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Figure 5.7: IGBT open modulé [36] thermal characterization.

two and it avoids the thermal coupling of two pin-diodes.

5.2.4 Testing ofv.. measuring circuits

The circuit of Figurd 518 is used for the testing of the praubmeasuring circuits. The
IGBT module used for the test is intentionally uncovered @& the independent control
of the four substrates, as illustrated in Figurd 3.9b. Feeeane substrate of the IGBT is
the DUT and it is used as the upper switch of the phase leg anadtkier substrate as the
lower switch, respectively. The phase-leg is connected DCavoltage source that em-
ulates the DC-link of a power stack, in order to test the vathtpcking capability and
the dynamic performance of the measuring circuit. The twiic®s operate in a com-
plementary manner that is the upper target of this apptindtr v.. measurement during
the on-time within the switching period. As it will be demdraded for the IPSIA method
later in this chapter, this way af.. measurement is useful to estimate the temperature,
and, as a result, the thermal impedance at specified opgradints without extra power
components in the power stack.

As a resultp,. increases to the level of O6compared to the,. value in Figuré 5]7 for
the full module. The DAQ sampling rate for this test is 80@mples/s.The DUT is not
heated for this test, a thermocouple is placed at the teshitenobtain the ambient tem-
perature and compare the voltage measurement with theaheharacterization curve of
Figure[5.7. This method can be more accurate for a first-stegjeation of the measuring
circuit performance than the active heating of the semiaotat with high current and the
monitoring with a thermal camera within specific intervddie to the thermal caméma
low frame rate of 6@z, the measuring circdg full bandwidth performance cannot be
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Figure 5.8: (a) Test set-up for the, measuring circuits performance.

tested. Moreover, the thermal camera measurement cadulcggoneasurement errors due
to the black paint application and the emissivity definitiamereas the proposed test is
realized under a fixed and known temperature. Thereforg@rthgosed evaluation method
is, easily, applied and tests the measuring méthbandwidth as well. This method could
be extended by inserting the DUT inside a thermal chambecheadk the precision of the
circuit at different temperature levels. The tests are @m@nted in industrial environment
with several power converters operating at the same time.

The aim of the test is to evaluate the precision and the rsgtiime of the measuring cir-
cuits under real switching frequency conditions. For tteting of the measuring circuits
the operation at the nominal switching frequency of6/% is selected. A second switch-
ing frequency of 3 H z is chosen because this value is used for the demonstratlBs oA
method later in this chapter. A filter to eliminate the 580: ripple produced by the mod-
ulator/demodulator for the digital-to-analog conversadrthe input signal in the isolated
amplifier causes the oscillation before reaching the lotesta

Testing of Zener-based circuit

The measurement for a switching frequency ofi@7a is illustrated in Figuré 519 for the
Zener-based circuit. A duty cycle of about 0.7 is selectedlltmv time for the measure-
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ment settling. According to Figute 5.9h,. at low state is processed for the lasf.2®f
the DUT on-time. This time interval is adequate for the meaxsient after the measuring
circuit settling time that is observed to be close tg.50Figured 5.70a and 5.10b show
the v, voltage measurement for a switching frequency of/3. The same duty cycle as
for the 6.5: H =z case is used. In Figute 5]10a the measurement fluctuates from approxi-
mately 4/, when the DUT is blocking to the value corresponding to thresseg current of
1A providing 0.618” at 22C. The saturation voltage.. at low state is processed for the
last 5Qus of the DUT on-time. For the maximum values of the Zener vattay the 3 H =
and the 6.5 H z case, itis noticed that ak3/ = the maximum Zener voltage is higher than
at 6.5: H ~ according to Figure 5.10a and Figlre]5.9a. For these testinditions, the time
interval that the DUT does not conduct is longer for th&43 than for the 6.5H > case
allowing more time for the Zener voltage to rise. As it will fleown during IPSIA demon-
stration with a power stack during operation with high cotyé¢he voltage rise across the
Zener diode when the DUT does not conduct is much faster megthe Zener voltage.
This effect does not influence the, measurement and it is not further analyzed in this
work. In the case of BH =z in Figure[5.10b, a longer measuring window is illustrated be
cause there is more time with stabilized, after the measuring circuit settling time has
passed, compared to the 6/~ case.

© initial reference = = = filtered

0.635 )
|

3.6

Vce dutyng IGBT on-time

Voltage across Zener didoe dring
IGBT on and off-time [V]

0 200 400 1 . 2
Time [ps] 0 0 Time [ps] 0

(a) (b)
Figure 5.9: Measurements with the Zener-based circuit fewdching frequency of

6.5 H~ (a) Voltage across Zener diode: high value for DUT at offestéow value for
DUT at on-state, (b) measuring interval«@f in the end of the on-state.
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Figure 5.10: Measurements with the Zener-based circuitafewitching frequency of
3kHz: (a) Voltage across Zener diode: high value for DUT at oditest low value for
DUT at on-state, (b) measuring interval@fin the end of the on-state.

The ripple reaches 20V due to the few sparse measurements. For this applicatien, th
noise level of the proposed measuring circuit is considacedptable. A median filter with

a range of 3 samples, taking into account the next three saisi@itilized to smooth out
the measuremerit [86]. The measurement ripple is reducdmbtda 45n 1 peak to peak for
the worst case. The principle of the median filter for the epig&limination is illustrated in
Figure[5.11.

(PLP2,P3)

N

(P1,P3.P2)

(®3)

Figure 5.11: Median filter logic for eliminating the spikdwa P2.

The selection of the next value is within a band of sampletsstifearanked from the smallest
to the greatest value. The median value is the output. Ftarios, the filtered signal at
3k Hz has a band of approximatelynd” per side around the reference value of 01618
and its mean value per period matches with the reference saime technique is used
for a switching frequency of 6i57 z. The mean value deviates from the reference by less
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than InV. The level of accuracy remains unchanged over the switghenigds, which is
satisfactory.

Testing of pin-diode circuit

The performance of the pin-diode circuit is similar to thengediode circuit for the two
switching frequency levels. The median filter is appliediag&he performance test is
again repeated and the results for thé:6{5 case are illustrated in Figure 5112b. The mean
value of the median filter output i3:3/" higher than the reference for the measurements at
the switching frequency levels ok3/ > and 6.% H z. Due to the capacitance of the anti-
parallel diodes in Figure 5.6b the maximum voltage levelsdoet have enough time to
rise to thew, level but it reaches about/bas illustrated in Figure 5.12a, whereas in Figure
[£.13a the maximum voltage level has the time to stabilize. Mleasured value in Figure
[5.12a and Figurie 5.13a corresponds to the sum.atndv; according to Figure 5l6b. The
ripple level is comparable to the Zener-based measuriegitir
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Figure 5.12: Measurements with the pin-diode based cifouid switching frequency of
6.5kHz: (a) Measured voltage at the op-amp input: high vedudUT at off-state, low
value for DUT at on-state, (b) measuring intervabgfat on-state.
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Figure 5.13: Measurements with the pin-diode based cifoud switching frequency of 3
kHz: (a) Measured voltage at the op-amp input: high valu®ldi at off-state, low value
for DUT at on-state, (b) measuring interval«®@f at on-state.

With the proposed testing method, the focus is on the patisf thev,. measurement
with sensing current. Both.. measuring circuits can be used fQr measurement with
load current. A main difference in the design requiremeetsvben the two circuits is the
need for an extra supply-voltage for the pin-diode cirduitprder to force the pin-diode
to conduct. On the other hand, the Zener-diode circuit regwa calibration of the Zener
diode, whereas the pin-diode circuit requires a calibratd the pin-diode and a total
calibration of the circuit based on the expectgdvariation during operation.

5.3 Presentation of IGBT Power Stack Integrity Assess-
ment method (IPSIA)

5.3.1 Method overview

This method, primarily, targets the IGBTSs, because theylaalevices that are stressed
the most in the specialized application, according to tladyeis in Chapter 3. For the spe-
cialized application with the predefined current profiled,as a result, thermal stressing
profiles, it is not needed to monitor the temperature onlmeitis sufficient to check the
aging status during scheduled service stops.

To date, relevant literature discusses methods for agitertien during operation in ac-
celerated tests of the IGBT modules with the aim of field ajgion. This work proposes
a method that targets a complete high-power IGBT power stadkcan be applied al-
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ready from the factory acceptance phase in order to valitigt¢hermal path (and hence
the assembly) from water to IGBT junction. Additionally, thg service stops, the method
can detect the aging and distinguish between the two com@BiT laging mechanisms,
namely bond-wire lift-off and solder delamination. The alby of the proposed method
stems from (i) its ease of implementation by only switchiwg tliagonal switches to cre-
ate a testing current profile with only a fixed duty cycle paitéii) the DUT on-the-stack
calibration both with sensing and high current, (iii) thesabce of power stack modifica-
tions for the DUT disconnection for the, measurement with sensing current and for the
production of the testing current cycle. The combinationhef aforementioned features,
as well as the measurement in the extended ZTC operatingregoiding the inflection
point detection, makes this method a substantially impf@egfjuence among the existing
proposals for offline aging detection, especially for seoépower stacks. The.. mea-
surement in the extended ZTC operating region is originatgsented for high-current
modules together with the sensitivity analysis based orctineent level, the precision of
the v.. measurement, as well as the junction, water and ambien¢rajpérature. So far,
the focus was only on the inflection point of ZTC operatingeador IGBT devices with
low and medium current ratings [55], [57] and [56].

The operation of the power stack according to the proposedades presented in Figure
6.14. The semiconductor devices that are mostly stresstba ireference application are
the diagonal switche®) ; andT;.. By switching these diagonal switches and with the
anti-parallel diodes of the other two diagonal switcheshia IH-bridge that is illustrated
in Figure[5.14b, a current ramp-up and ramp-down is prodfmethe inductive load. A
time interval of zero current remains in the end of the cythas cycle is repeated in every
switching period. A typical output filter inductor is adedgdor the implementation of
the method. The dashed green line represents the shortihg tbeat by-passes the load
for the production of the testing current cycle. In the ualdase that the output filter is
not suitable, an inductive load at7 level should be used after disconnecting the power
electronic converter from the filter and the load.

During the time interval of zero load current, one of the tviagdnal switches that were
previously conducting, is turned on with the other diagaswitch blocking the DC-link
voltage. The sensing current is injected to the switch aed thmeasuring method can
provide the temperature estimation. Moreovertheeduction at the sensing current level
between service stops is an indication of solder delanundhiat increases the thermal re-
sistance and, finally, the temperature at junction levelim@uthe current ramp-up;.. is
continuously monitored and the value at the top of the ransjoised to be compared with
values during other service stops. At the top of the rampgtineent should be in the ZTC
operating region, in order to detect the bond-wire lift;offdependently of temperature
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Figure 5.14: Operation during the proposed method, (a)itigerfor v.. measurement,
the power components that are not used, such as the loadedpnpmassed with a sorting
wire (green line) (b) Waveforms of measured, load current, sensing current and gate
pulses generated by open-loop controller with fixed dutyecyaor the switched’ ; and
T, during the proposed current cycle.

and of solder delamination. The resistance increment ointieeconnection in the IGBT
modules due to bond-wire lift-offs is amplified at a curreautdl close to the nominal. On
the other hand, at high current level, is highly dependent on temperature requiring very
precise measurement, always under exactly the same telmmgecanditions. An addi-
tional reason for the selection of the ZTC operating regartlie reference application is
the limited current output that does not allow the operasitiine level of nominal current.

According to [51], the beginning of aging and the degradastage is detected via an
increase of % and 10% in v.., respectively, at load current close to the nominal ratofgs
a high-power IGBT module. Moreover, an increase of:1i@ junction-to-water thermal
resistance is an indication of early failure. [n[87], thagtion-to-baseplate thermal resis-
tance increase of’s indicates the beginning of aging, ds an indication of degradation
and 20% is an indication of failure. The thermal resistance estiomeand its comparison
with previous measurements is necessary, in order to prevecheduled stops due to
unexpected failure.
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5.3.2 Sampling-filtering technique and measurements utilization

For thev., measurement at sensing current a LabVIEW program is dexeltgpacquire
30v.. samples right before the current ramp-up, with a sampleafatd/ H =. The max-

imum time duration of the measuring window is limited by thétshing frequency for
a given DC-link voltage and a given inductive load. Additityathe settling time of the
Ve Measuring circuit and the switching transients of the diget a minimum time length
requirement. The,. value is independent of the gate-emitter voltageprvalue over

10V, if the nominalv,. is 15V, as shown in Figure 5.15.
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Figure 5.15: Measured sensitivity of, with v,. with a sensing current ofA for a tem-
perature of 30C for the IGBT module of the application.

Therefore, the settling time of,. is not adding delay. EveryOms the group of the last
30 samples belonging to a cycle is averaged and stored. The vhlhe averaging is the
input to a median filter with a rank &, as illustrated in Figure_5.16. The turn-on signal
for the other diagonal switch triggers the DAQ to save the3@s.. samples.
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Figure 5.16w.. measurement at sensing current (a) Samples per period arabaw, (b)
median filter output at steady state.
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Figure 5.17: Triggering for.. measurement at high and at sensing curiientused as
DUT for demonstration.
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For the measurement at the top of the current ramp the nunibanmples depends on the
rate of the current rise. The rate of the current rise dependse DC-link voltage and
the inductive load. For the ZTC operating regibsamples are taken and their average
is calculated. The ZTC operating region is defined in termsuofent level in the section
referring to the ZTC operating region calibration. For thigplication and the demonstra-
tion of the method, it is considered to be a current regioh witange oft-/— 154 around
the inflection point. The peak current at the top of the triang Figured 5.14 and 5.1.7
belongs to this operating region. The rise time of the curiesufficient forv,, stabiliza-
tion [13]. The trigger signal for the DAQ to recorgl. is the turn-off pulse to the switches.
Again, the value of the averaging is the input to a mediarrfilike trigger signals and the
sampling technique are illustrated in Figlre 5.17. Conogrthe measuring circuit, the
slew rate of the operational amplifiers must be adequatdltmfehe v.. ramp-up that can
be approximated as a part of a triangular waveform. The nmigascircuit with a slew rate
of 2V/us is sufficient for the needs of this application.

5.3.3 On-the-stack IGBT calibration with sensing current

The thermal calibration of a single IGBT module in termsvgf at sensing current as a
function of temperature is a fast procedure, as describEtapter 2. A few measurements
are enough to define the linear relation betwegrand temperature that is usually around
2mV/°C'. In the case of an already assembled power stack, the dalibief the IGBT
modules in a thermal chamber becomes a non-practical soltthe proposed method for
a fast-thermal calibration of an IGBT module that is, alreadgunted on the cooling plate
in the assembled power stack depends on the difference &etvebient temperature and
cooling water temperature. It is divided in the followingasteps:

e measure,. for each DUT at sensing current and at ambient temperatuis igthe
first point in the linear relation between, and temperature. At this stage there is
no water flowing in the cooling plate.

e measurey., for each DUT at sensing current with water flow in the coolirate.
The measurement is obtained after waiting for thermal dgwim that depends on
the power stack thermal time constant. The water temperature is assumbd to
equal to the junction temperature.

The linear relation of temperature angd at sensing current for the two switches is shown
in Figure[5.18. Two measurements are obtained for eachtswitc
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Figure 5.18: Thermal characterization of IGBT modules assgncurrent with and with-
out water flow in the cooling plate.

5.3.4 On-the-stack IGBT calibration in the ZTC operating region

The narrow current range of the IGBT module in the ZTC opegatggion can be de-
fined with the help of the datasheet and with measurements pplyiag the pulse of
the proposed method in Figure 5.14a and by adjusting thewruat the top of the ramp
within the ZTC operating region according to the datashibety.. values at the top of
the ramp are compared before the cooling plate reachesdhsteady state. If the change
of thew,. value is negligible during the time interval that the tengtere at junction level
changes, it means that the IGBT module operates in the ZTGtipgregion. Figure5.19
focuses on the current region around the ZTC operating magith data that is taken from
the datasheet. The two curves show the evolution.ofwith a current change a&5°C'
and125°C'. The inflection point where there is no temperature influgnae,. is close to
375A. Around this point, it is observed that the changeinis small at the same current
level for the two temperature levels.
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Figure 5.19: Relation of IGBT current ang, around ZTC operating region for 26 and
125°C.

By using the datasheet values at these two temperature,|&glse[5.20 shows the de-
pendence of.. on temperature im1//°C. The change im.. as a function of temperature
for a constant current is considered to be linear, as obddrem measurements in [13]. It
is observed that this relation is negative for current valogver than the inflection point
by subtracting the.. value at 23C from the value afi25°C. In a band of30A around
the inflection point the maximum absolute value of this Fefats about.1mV//°C. With
the help of Figuré 5.19 and Figure 5.20, a conclusion is thigtriot critical to measure
v.. €xactly at the inflection point, because the sensitivity oin temperature around this
point is small. An observation that supports this analysaoicumented in [56], where it is
mentioned that for a tolerance dfan the inflection point,. differs by 5nV if measured
at approximately 25 and at 100C. For specified operating conditions, the change in
temperature can be, only, caused by a change in cooling testgrerature.
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Figure 5.20: Dependency of. on temperature around the ZTC operating region.
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Based on manufacturers datal[39], the impact of temperatuteeaesistance of bond-
wires and interconnections inside the IGBT module is comsilén the graph of Figure
[5.19. On the other hand, a factor that is influenced by the emblgiir temperature but is
not considered in Figurie 5.119 is the terminal-chip leadsta&sce R+ L E. Based on

the datasheet the difference for a temperature 261’ to 125°C' is 0.03n(2. The change

in the resistance is calculated

Ractual - Rref[]- + Q/(Tactual - Tref) (510)

whereR,. is the reference resistance at the reference tempetatytey is the tempera-
ture coefficient of resistance for the conducting matendld, ..., the temperature during
the measurement. Figure 5.21 shows the voltage drop charlge ieads as a function of
temperature for copper leads for a current at the level oirtthection point. As an exam-
ple, the change 030°C' at the ambient temperature at the testing platform betweaen t
tests would lead to a change of ab8utV'.

12

Voltage drop change in the

25 50 75 100 125
Temperature [°C]

Figure 5.21: Voltage drop change at IGBT module power leadsdorent in the ZTC
operating region as a function of ambient temperature.

5.3.5 Power losses estimation and thermal resistance calculation

The temperature estimation with thg measurement at sensing current can be used for
the calculation of the thermal resistangg, ;_,, of the IGBT module from junction to
ambient, which is the water flow inlet [88]. This calculatican be used as a verification,
within a certain accuracy margin, of the power stadkermal design and of the thermal
resistance value that is provided by the supplier. Moreaveés useful for comparisons
with measurements in future service stops, in order to tiiaek,; ;_,, change with aging
and detect solder delamination. The valug?f ;_,, is calculated with the help of
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(5.11)

whereAT;_, is the temperature difference between junction and waler amdF,,, the
sum of average switching and conduction losses of the IGBTuteqakr switching period.

An advantage of this cycle is that the effort for the poweséssestimation is limited.
Due to the discontinuous current mode of the cycle in Figuidda, there is no turn-on
switching energy loss and only one measurement point isatekxa the determination of
the turn-off switching energy loss at the top of the curramyp. For this work, the power
stack suppli€s measurements at 4@0that is close to the ZTC operating regisaurrent,

as described in Figule 5]20, and 100@or the switching energy loss are used for the
calculation of turn-off energy loss, according [fo (2.12)r Ehis work K, is considered to
be 1.3 that is the mean value of the provided range, as meatiorChapter 2. If any of the
two extremes in this range was selected, the results wouidflobenced but the analysis
would remain the same. The value’tf,.; is 20°C.

The switching loss measurement is more precise than thehastavalue, thanks to the

difference in the leakage inductance of the power circudtthe gate resistors that are used
by the IGBT module manufacturer. For the IGBT module condudiisses the datasheet
values forv.. are used with a linear approximation from the lowest curvahie available

in the datasheet down 1@, at1A4, which is obtained during the IGBT module calibration.

Regarding the two anti-parallel diodes which conduct duthng current ramp-down in
Figure[5.14, their power losses are significantly lower tf@nthe IGBTs. The diodés
switching losses are zero because they turn off at zeroruimethe end of the ramp-
down. Therefore, the temperature measurements for the GBI s10t, practically, in-
fluenced by thermal coupling with the diodes. Usihg (5.1¥) @lscuracy of the method
for Ry, ;—., calculation can be compared with the accuracy of the tiauhti method for
thermal impedance estimation at sensing current. Accgriithe traditional method,..
with sensing current is measured fBrestimation. The temperature measurement is mea-
sured both in the proposed method and in the traditional odettith thev.. method at
sensing current, therefore the precision in terms of teatpes estimation is considered
the same. The advantage of the traditional method is thdtatsoprecise value of the
power losses because the IGBT conducts under constant tarmémronstant,, at ther-
mal steady state before the cooling down. The proposed meduuires the measurement
in dynamic conditions for the switching energy and lineapragimations for the con-
duction energy that may lead to errors. The switching logsethe proposed cycle are
significantly higher than the conduction losses, approiagdive times more, therefore
the error by the conduction losses linear approximatiossah@egligible impact. Another
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difference between the two methods is that fhg;_,, of the proposed method includes
the thermal resistance due to the thermal coupling of theoppevating IGBTS, especially
if they are placed closed to each other, as illustrated inrel@.15 for the description of
the FEM model.

Finally, the regulated inlet water temperature at eachieestop eliminates any error that
could occur, if two measurements were conducted at differenvices stops with different
water temperature levels. For the specialized applicati@criterion of 10 increase in
thermal resistance can be adopted as an indication of degwvador the thermal resis-
tance from junction to water assuming that no degradatidhoacur at the level of the
thermal paste or of the cooling system due to accumulatettiesrin the cooling pipes.
In practice, the monitoring of the water flow at the outlet #mel particle filter at the inlet
of the cooling plate protect the power stack from coolingrddgtion for the specialized
application. Nevertheless, to support the aforementipasensitivity analysis aR;, ;_.,

in terms of junction temperature measurement is present8ddtiori 5.4. Table 5.1 sum-
marizes the main conclusions for the power losses and theesiatance estimation with
the IPSIA method.

TABLE 5.1: Power losses and thermal resistaigg;_,, estimation for IPSIA

Power losses estimation
Switching losses  only a turn-off switching instant (mucgter than conduction losses

Conduction losses linear approximation for NTC operatirggae
Thermal resistanc&;, ;_,, estimation
Precision depends on measuring circuit precision and ptmsees estimation
Aging criterion 104 Ry ;. iNCrease
5.4 Results

5.4.1 Experimental demonstration of the method

The experimental setup of Figure 3.11a is used to obtainuneaents and compare them
with FEM and LPN calculations. All the measurements are ootetl in an industrial
environment with several high-power converters operaitinthe vicinity. The load cur-
rent and load voltage along with collector-emitter voltage of switch 75, have been
recorded. The load current of 38%keeps the semiconductor in the extended ZTC operat-
ing region below the inflection point in Figure 5]120. A dcKivoltage of 560" generates a
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current ramp rate of approximately 4.6Awith the 12Q.H reactor load, while a switch-
ing frequency of B H z is adequate to generate enough switching losses as weladswo
adequate time for.. measurement with sensing current.
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Figure 5.22: Operation overview during the cycle of the s method.
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Figure 5.23: Signal settling far,. measurement at sensing current.

As can be seen in Figure 5]22 during the conduction of twoaiablGBTs (; ; andT5 »)
the current increases with a constant rate, andytheoltage increases with the current
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increase. At the top of the ramp in point A, is recorded under full load current. At
approximately 80s the load current is directed to the anti-parallel diode$efdther two
diagonal IGBTs. After the current ramp-down and during therapon with zero load
current, the switci; , alone that is considered as the DUT for the method explamatio
is turned on and a sensing current is injected in point B otifeib.22. The switch’ ;
blocks the DC-link voltage. The voltage. is stabilized before the 3@@ instant of the
period. Figurd 5.23 illustrates the signal settling for the measurement with sensing
current. After a small load voltage oscillation, the swifch is turned-on and a bit more
than 5Qus is the settling time for the recording to begin.

Figured5.24 and 5.25 show thg reduction of switch; » with the temperature increase
for a sensing current of A and for water flow rate of 12min and 18/min, respec-
tively. The voltage value is recorded in the end of the cyTlee v.. reduction for the
case of 12/min corresponds to T8 of junction temperature rise, whereas for the case of
18/ /min it corresponds to a 10°6' rise. The operation in the low NTC operating region
leads to the,. reduction with the junction temperature increase.
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Figure 5.24:v,.. voltage reduction (with sensing current) as the junctiongerature of
switch T 5 increases for water flow rate of I/2nin.
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Figure 5.25:v,. voltage reduction (with sensing current) as the junctionpgerature of
switch 75, increases for water flow rate of /8nin.

Table[5.2 provides the temperature rise for the two diagtBBIT switches between the
beginning of the cycling, which corresponds to the ambientgerature, and the thermal
steady state. The proposed cycle is repeated for two cofiimgrate values at 12min
and 18/min and for the two diagonal switch&s ; andT5,. Table[5.2 presents the tem-
perature rise at junction temperature for the two diago@8T switches obtained with
the experiments, with the FEM model and the LPN model by takito account the ther-
mal coupling between the IGBT switches. The thermal coupbkngot provided neither
in the IGBT module manufacturerdata. For a more precise comparison, the FEM model
is used to calculate the coupling between the two IGBTs maunéxt to each other, as
demonstrated in Figufe_3]15. Additionally, the power Isssgected to the FEM and the
LPN simulation are presented. The steady-state LPN modbkgfower stack is used for
the temperature rise calculations, as in Fidqurel5.26.

P | i
ower losses Rmodule Reoupling

(S5 )—AM—A—AN
|~ |

Rpaste+plate

Figure 5.26: Steady-state LPN model of IGBT switch accounfor thermal coupling
between the two IGBTs placed next to each other.
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TABLE 5.2: Comparison of measurements, FEM and LPN simulations for ¢éeatpre esti-
mation
Flow rate AT Measurement AT FEM AT LPN Power losses per IGBT

[1/min] °C] °C] °C] (W]
12 12.7(11), 13 (o) 116 12.9 ~330
18  11.8(11),105(@:2) 105 11.6 ~330

5.4.2 Thermal resistance estimation and detection of solder delami-
nation

Table[5.3 presents the estimation Bf, ;_., that is obtained with the experiment, the
FEM and the LPN model. It is observed that the difference betwthe measurement
and the FEM model is approximately 0.0041V for 12/ /min, whereas the LPN simula-
tion matches with the measurements. The valuggf_,, from the measurements can be
used as a starting reference for the comparison of therrs@taace values in the follow-
ing service stops. For the specialized application the ghanthe inlet water temperature
is expected to be kept within a range 6f’1that does not affect the measurement.

TABLE 5.3: Comparison of measurements, FEM and LPN simulations fonthbesistance
estimation
Flow rate Rth,j—w Rth,j—w Rth,j—w
[[/min] Measurement FEM LPN
12 0.03971,),0.038 (»2) 0.035 0.039 (0.036 without thermal coupling)
18 0.036(1,1), 0.032 I»2) 0.032  0.035 (0.033 without thermal coupling)

As Figurel5.2F7 shows, for other applications, where the tatpre of the cooling water
changes, the thermal resistance would increase’byisd 104 for a water temperature
increase of 20C' and 40C, respectively. This increment results from the comparisith
the previous measurement with both values calculated \Wwehpbwer losses before the
water temperature rise. Selecting the worst case, thetsnmgdosses increase is consid-
ered for the power losses because they increase with tetaperavhereas the conduction
losses that are much lower are assumed to remain the sameadiince the conduction
losses even decrease with temperature in the NTC operatingn. If the power losses
at the increased water temperature were considered foR#the.,, estimation,R;, ;.
would, roughly, remain the same. Based on FEM, the powerdassesase and not the Si
thermal conductivity is the main factor for the thermal stsince rise. The water tempe-
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rature change is a factor that should be considered forfgignt variations between the
tests.
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Figure 5.27: Thermal resistance estimation error withiogolvater temperature increase.

The temperature decrease of the IGBT during the off-timevateof 22Qus between the
current peak value and the, measurement at sensing current is simulated using FEM.
The FEM model is more accurate than the LPN model for such & $inge cooling-
down interval right after the heating power injection. The p&ts of the LPN dynamic
model do not correspond to the physical layers of the IGBT refiv]] . Moreover, no
information is given below 1ms about the thermal impedandée IGBT datasheet. The
thermal time constant of the chip is, with the helplof(2.5) §6), approximately 550,
therefore the cool-down for 220 is limited to chip level. The initial condition for the
model is the thermal steady state at this cycle and no hepbmger is injected to the
chips. The temperature decrease after,228 less than 0.2, accordingly negligible.

It, slightly, affects the calculation Ry, ;_,,. The thermal mass of the high-power IGBT
module results in a high thermal capacitance and relatiskely thermal time constant
compared to IGBT modules with lower power ratings. The captiown response of the
IGBT module remains the same independently of the temperate at current peak with
the proposed current cycle. Therefore, the temperatuneedse within the time interval
between the current peak and the measurement with sensing current has in percent of
the temperature at the current peak the same value, indepiindf the temperature value

at current peak.
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Figure 5.28: Difference of temperature at peak current aitd w, measurement with
sensing current as a function of power losses for differenttjon temperature rises at
steady state.

On the other hand, the absolute temperature decrease foel#tively low temperature
rise of the proposed method, as shown in Table 5.2, is smialer it would be for a
higher temperature rise. Figure 5.28 illustrates the emeeof the difference between the
temperature at peak current and the temperature that rmagetli withv.. with sensing
current as the power losses increase. The temperatureoose avater temperature level
at peak current is written for every power losses level. Tata & obtained with the help of
FEM simulations. However, the relative error in tRg, ;,_,, estimation remains the same,
therefore the precision iRy, ;_,, iS not affected.

The precision of the measuring circuit may affect the thémesistance estimation at the
service stops and, therefore, the health state estimatibredGBT module in terms of
solder delamination. According t6_(5]11), with an assumecleacy within+/ — 1°C

in the measuring circuit, the deviation iy, ;_,, estimation at the service stops can be
calculated for the nominal flow rate of /2nin at the level of 7. Therefore, a change
below 7% in the value ofR;, ;_,, could be due to the measurement uncertainty and it is
not considered as degradation. However, the change oyercaf be set as an indication
for solder degradation. It is observed that the impact oftéineperature estimation at the
R, ;— 1s smaller, if the temperature rise is higher. Itis notideat for power losses higher
than for the proposed operating conditions the temperaitsgevould be higher resulting

in a smaller relative error iRy, ;_,, estimation. In this case, the proposed method becomes
more sensitive and deteds,, ;_,, changes below%. The power losses increase could be
achieved, for instance, if a double DC-link voltage value(éhis a safety margin until the
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1.7kV nominal rating of the IGBT module) and double inductive loatlie were assumed,
in order to significantly increase the switching losses.

5.4.3 Detection of manufacturing issues

This test aims to demonstrate the detection of thermal tsfisaused by the wrong IGBT
mounting. The detection of thermal paste defficiency is wsedn an example of wrong
IGBT mounting. In this test, different thermal paste layeckhesses are applied, accord-
ing to the guidelines in [89], before mounting an open IGBT mledn a cooling plate.
The experimental set-up of Figure 3.11b is used. The cuckeé of the proposed method
is applied with a peak current of 4300 increase the semiconductor power losses and ex-
hibit higher temperature variations across the thermadtasce. The open IGBT module
is always turned-on, therefore it does not produce any bmigclosses. The current profile
of the open IGBT is the same as the |@attiangular load current profile in Figure 5l 14a.
The temperature is estimated using themeasurement with sensing current on the open
IGBT module and it is compared with the average temperatuangrall chips measured
using infrared imaging. Table 5.4 summarizes the junct@npgerature estimation with
the sensing current method and the infrared camera measoteifor the different ther-
mal paste cases.

TABLE 5.4: Comparison between thermal camera andneasurements of temperature rise
for different thermal paste conditions

No thermal paste Reduced Normal
thermal paste thermal paste
Layer thickness Pm 50um 100um
Junction temperature change
vee Method[*C] 13 10 6
Junction temperature change
thermal camerg C| 11.5 8.5 5.5

When no thermal paste is applied as well as when the thermtal isast adequate (50n)

or pumped out due to excessive mounting force, a significarease iRy, ;_,, is ob-
served. The indication is the increase in the junction teatpee rise. During the experi-
ments, it was noticed that for the specific current profile,dpplication of thermal paste
with thickness about 2Q0n did not cause any detectable difference compared to the case
with nominal thermal paste.
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Figurd5.29 shows as an example of a thermal camera measuranaghe average tempe-
rature for each chip in the case without thermal paste and émoling water temperature
of approximately 23C. There is a small deviation in the average temperature artieng
chips that may be a result of the mounting on the cooling atd the cooling channels.

Due to the small temperature rise and the small temperatuwctiéition during the cycle,

the difference between the maximum and the average teroperman the chip surface is
not significant.

Figure 5.29: Thermal camera measurement and average t&tomeefor each chip in the
case without thermal paste for a triangular current pulsle peak of approximately 450
and for a cooling water temperature of approximately @3
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@ (b)

Figure 5.30: (a) Measurement of thermal paste thicknesppfoximately 20@m, (b)
thermal paste thickness of approximately.bQ

Figure[5.30 shows the measurement of the thermal pastedsslof approximately 20@n
and the thermal paste of approximatelys®applied on the cooling plate.

5.4.4 Bond-wire lift-off detection

The experimental set-up of Figure 3.11b is used for the bwineif-off detection in the
ZTC operating region. The bond-wires of a chip are intergilyncut one-by-one and the
change inv.. voltage is registered for each cut. The measurement.a$ carried out at
the top of the ramp-up by averaging the last twp values. For these test series, only
one substrate out of four is used, in order to be able to operah the PTC operat-
ing region and at a current level close to the rated. The lvanelift-off effect in both
ZTC (924/substrate) and PTC (380substrate) operation regions are evaluated. Figure
shows the.. evolution during the current ramp-up measured with an opedute.
The difference between the datasheet values and the mesnteeis due to the para-
sitic inductance and terminal-chip leads resistance imikasurement setup. Moreover,
the measuring circuit is connected to the cables close tdGBd module power leads
with crocodile clips adding an offset to the measured veltdge to the cables resistance.
The difference between the datasheet and the measured vatweases with the current
increase because the parasitic resistance effect is amdpdifinigh current values.

As an additional investigation, the aging stage, in termisasfd-wire lift-off, that can be
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Figure 5.31:v,.. values at chip level during current ramp-up of approximatebA /us
according to datasheet angd values close to power leads according to measurements.

detected with the.. measurement with sensing current is investigated with plee &GBT
module. The independent control of each substrate and tivehsng from four-substrate
to three-substrate operation demonstrates the loss of rstrate that results to @,
increase of approximately 45/, as illustrated in Figure 5.82.
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Figure 5.32: Measurements to demonstrate the detectibrsesitsing current of a substrate
failure for the 1.6kA IGBT module of the application.

Table[5.b presents the results from the bond-wire lift-effetttion in ZTC, PTC and NTC
operating regions with sensing current. It, also, incluéssilts that are documented in the
literature from the bond-wire lift-off detection in ZTC aiT C operating regions.

It is observed that for the PTC operating region case, th@ffulf two bond-wires pro-
vides clear evidence of aging. Generally, the test currgdieccould be applied with a
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TABLE 5.5: Bond-wire lift-off detection with thev.. method in the NTC, ZTC and PTC
operating regions

Module ratings Module number  Bond-wires oper_ating vee Change
[V/A] of bond-wires cut region [mV]
8/9
1700/1600 160 110 (chip failure) ZTC 4/6/12
NTC
1700/1600 160 40 (1 subsrate) . 14
sensing current

1700/1600 160 2/3 PTC 10/15

1700/1000 96 1/2 PTC ~5/10 [13
600/70 not available 1 ZTC (20(;50?56]

0Uce

peak current value close to the nominal rating of the IGBT nedlihe main concerns
are the slew rate of the current for the measuring circuittaeccombination of DC-link
voltage and inductive load that are required for such a atmamp-up. Concerning the
ZTC operating region case, the relatively low current dassatiow the detection of loss
of a few wire bonds, but it gives a clear indication that mdvant half of the connections
to a chip are lost. According to Figure 5121, an increase ofired 30°C' in the ambient
temperature could have the same impaect.aas the eighth lift-off on the chip.

Due to the current overrating of the IGBT module for lifetimgension, the module could,
theoretically, operate even with the loss of a substraterdibre, the detection of a sub-
strate loss at the service stop may be sufficient as a warnimgevent the complete failure
of the module for this application. However, this methodraatrbe widely applicable. For
a discrete device as i [24], [66] and [55], the measurement in the ZTC operating re-
gion is more sensitive, due to the smaller number of paratied-wires and can detect a
single bond-wire lift-off. Therefore, the method could bemmeffective in terms of lift-off
detection for low power devices.

It is interesting to examine if a whole chip failure influesdbev.. measurement with
sensing current and, therefore, the solder delaminatitectien. The change of the av-
erage temperature among the healthy chips of the IGBT modi@eyhole chip fails, is
simulated with FEM for the proposed cycle. The increas&;n,_,, would be about %,
which is less than the 1% criterion that is set for solder delamination detectionefEh
fore, there would be insignificant overlapping in the datecof the lift-off and solder
delamination until a whole chip fails. The chip failure degtten can be achieved with the
high currentv.. measurement and can be considered for the solder delaommbgiection.
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Based on Figure 5.20, the sensitivity @f with temperature at this current level is ap-
proximately 0.1nV/°C. Finally, the water temperature is a parameter that cangeham
other applications. For a significant water temperaturengbaf 20C, thewv.. change is
only 2mV. Furthermore, based on FEM results, the impact of water ¢éeatpre change at
the thermal conductivity of silicon does not affect the meament in the ZTC operating
region.

Table[5.6 provides an overview of the parameters and theigiman the precision of the
temperature estimation and of the aging detection acoptdithe proposed method.

TABLE 5.6: Summary of sensitivity analysis of IPSIA method with thecpkzed applica-
tion as reference

Aging parameters ~ Margin of Impact at precision
Variables influenced by change for Within the margin
variables variable

Uce Rth,jfw +/'1OC

Water temperature Ry, j_,/solder aging +/-20C 5%

3mV close to impact of
8th bond-wire lift-off

Peak current value Bond-wire lift-off +/-1b approx. 0.1V /°C

7% (lower for higher
power losses)

Ambient temperature Bond-wire lift-off +/-30

Finally, Tabld 5.7 compares the existing methods in theditee using... measurements
for aging detection with the proposed method. The methoddigwvtork proposes the short-
circuit of the load during service stops and the exploitatid the output filter inductor.
The method with a power circuit similar to the presented ismfbin [55]. The prognostic
procedure in[55] uses a different current profile and dstecly bond-wire lift-off exactly
at the inflection point. The rest of the methods require @il power components. The
advantage of the proposed method is the reduction of théiawlali equipment and control
complexity, the ease of calibration for already assembtedep stacks and the negligible
impact of junction temperature at bond-wire lift-off detiea due to the operation in the
extended ZTC operating region, without the need to meastine aflection point. Among
the methods, it is distinguished for its ease of implememtebr a series of power stacks.
However, the bond-wire lift-off detection in the ZTC opengtregion for the high-current
modules in the experiment, is feasible when more than hati@ichigs bond-wires are
detached. On the other hand, the high-power IGBT modules i@tkindancy due to their
high number of bond-wires in parallel compared to the diecdevices with lower ratings.
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TABLE 5.7: Overview of IGBT aging detection methods for assembled p@iagks using
V.. Measurements

Power stack

Method Target modifications - On the steck Detection Temperature sensitivity
vee calibration level lift-offs/solder del.
extra power components
Early detection High to junction
in PTC . for solder del., temperature /Low, only
[24], [54] Lift-off . IGBT, relay, No lift-offs for significant cooling
" and solder del. high current source
Fig. a (but for low temperature change
current devices) between tests
High to junction
[2|21P[T2%] Lift-off 2 IGBTs and No o ooy e o Bamiiant evolng.
2 and solder del. two MOSFETS ; ” g 9
Fig. b lift-offs temperature change
between tests
inZTC Inductor and relay Barly _detectlon Negllglple to
Only . for lift-offs junction
[55], ) only if load No
Fig. ¢ lift-off is not suitable (but for low temperature
9 current devices) /not detected
Early detection .LOW,tO
None/ junction
wH level for solder del. temperature/
IGBT mounting . Yes, suitable  more than half .
Proposed method . inductor and o considerable for
. lift-off . for assembled chip failure
(IPSIA) in ZTC relay only if . more than
solder del. o power stacks  due to lift-offs
output filter is ) 20°C
. (but for high
not suitable temp. change

current devices) between tests

5.5 Summary

A method is proposed for the integrity assessment of a serdigzor power stack through-
out its life-cycle; from factory acceptance to its end offuséfe in operation. Addition-
ally, for the implementation of the method, twg measuring circuits are presented and
analyzed offering ease of calibration and simple implegm. The proposed method
exhibits advantages that are essential for the integriégssnent of a series of IGBT
power stacks in industrial scale. Concerning the applioaticthev.. method with sens-
ing current, the method requires no additional circuitnytfee DUT isolation and offers
a fast thermal calibration of the mounted IGBT modules. Moegoit is performed with
just a fixed duty cycle pattern. It is shown, using the spexdlapplication as an example,
that the absence of the thermal paste layer can be deteatead tactory acceptance tests,
because it causes twice the junction temperature rise aehpathe case with the normal
thermal paste thickness. Once the equipment is in operatalder delamination can be
detected during scheduled service intervals. Using tleeeate application, a temperature
change of more than 20" in the cooling water temperature would have a consideratle i
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pact of 3% on the thermal resistance estimation and, as a result, @ottier delamination
detection. By presenting a sensitivity analysisvgf in the ZTC operating region as a
function of current, junction, water and ambient tempemtit is demonstrated that the
v.. Measurement does not have to be carried out exactly at tleetioft point, since the
effect of junction and ambient temperaturevatis not significant in the extended ZTC
operating region. However, in the ZTC operating region fghkcurrent modules, the de-
tection of wire bond lift-off is only possible when more thialf of the wire-bonds of the
chip have failed. It is shown that the voltage drop of powadkemay be important for the
precision of such measurement for ambient temperaturegelseof at least 3@



Chapter 6

Thermal stressing mitigation
possibilities for a power stack

6.1 Introduction

In the previous chapters the specialized application wasgmted in terms of thermal
stressing and a method for the thermal performance evatuatid aging detection of the
power stack was proposed. Focusing on the prevention ofging aue to thermal stress-
ing, this chapter is a study investigating the possibildythermal stressing mitigation of

the power stack with actions in the design and in the opergi@mse. The first part inves-
tigates possible improvements in the design of the coolystesn with the aim to reduce

the thermal stressing of the semiconductors. It focuseb®mipact of the cooling plate

thickness and material on the junction temperature swidgm@aximum value. The second
part is dedicated to the active mitigation of the thermasgig using the switching fre-

guency and the gate on and off resistance values as mitigadéiameters. Both parts use
the reference magnet power supply as a starting point fointhestigation. The material

of this chapter is published in publications Il and VI.

6.2 Cooling system investigation for thermal stressing mit-
igation

The first part of the investigation of the thermal stressirniigation focuses on the cooling
system of the power stack. The magnet power supply incluttied_-PN of the H-bridge
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is simulated using the software PLECS that offers the pdagifor thermal modeling of
semiconductors. The thermal networks are connected iasstarming the total thermal
network that represents the whole power stack; the poweutapthe thermal paste, the
cooling plate and the modeled heat convection to the amlseptFiguré 6]1c. The value
of the thermal paste thermal resistance is found in the IGBT module datasheetiGBT
module that is used is the one used in the previous chapteesth&rmal coupling among
different IGBT modules is at the level of the thermal pastee Plosition of the IGBTs
on the cooling plate is assumed as having no influence in #wentd coupling among
the modules, in contrast with the the actual power stack inp@hnat. According to the
analysis in Chapter 3, the mostly stressed devices are thed@HTand Q4 that have
an equal load, see Figure b.1a. The focus is on the temperptafile of one of these
diagonal IGBT switches. The losses are calculated as desciibChapter 2. The DC-
link nominal voltage is 900 and the current shape provided to the magnet is considered
to be a trapezoidal pulse with an increased current magnitdid60Q4, a ramp-up and
ramp-down time of & each and a total on-time o&&vithin a time period of 108. This

is one of the cycles at which a magnet power supply could beagg to operate, in
reality with lower current magnitude and with a shorter tofhtime to combine it with
other cycles within the 100 This profile could, also, occur in traction applicationslen
similar circumstances. This mission profile of the semiearidr module represents a high
thermal stress in terms of junction temperature swing legatlh a decreased number of
cycles until the end of lifetime.

1 HEAT
Q POWER MODULE TIM SINK CONVECTION

_| ‘ ‘ %113m J_ AWy J_ MWy J_ AW J_ MWW J_ Wy @
. L[ [« DT TTTTIE T oo
L1 1] l 1

il B o

(@) (b) (c)

Figure 6.1: (a) H-bridge power circuit, (b) mechanical layo(c) thermal model of
IGBT/diode junction-to-ambient.

The cooling plate area is selected to be equal to the total @fr¢he four power mod-

ules that is four times each of the modules area 0:18®.140n, see Figuré 6l1b. This
assumption for mounting is very close to the real case ineference power stack. For
simplification, it is assumed that the geometry of the capprate is a simple orthogonal
body. The thickness of the cooling plate at the module sidaiigd to observe its impact
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on the thermal stressing of the module. The heat convediomdeled with one main wa-
ter channel and it is uniform below the cooling plate laysrillstrated in Figuré 612. It

is considered that the heat is, uniformly, spread in thefddateand, then, into the cooling
plate.

IGBT MODULES

i oreas: NN I S

==

WATER FLOW

I 0.5-5cm

Figure 6.2: Power stack structure.

The materials under investigation are aluminum and cojmgper is the preferred mate-
rial at CERN. The existence of copper components in the coaktgork prohibits the use

of aluminum to avoid corrosion. However, copper is more espe and less environmen-
tally friendly [48]. The metallic materials in the coolingtwork of CERN are stainless

steel and copper. Talle 6.1 demonstrates the relevantialatesiracteristics of aluminum
and copper.

TABLE 6.1: Aluminum and copper thermal properties of interest
Aluminium Copper

Density [kg/m3] 2700 8960
Thermal conductivityiW/m°C] 238 400
Specific heat capacity//kg°C] 900 385

The thermal resistance of the aluminum cooling plate is étighan that for the copper
cooling plate. The specific heat capacity of aluminum is érghan the value for copper
but the thermal capacitance of the copper cooling plateniallyi greater by approximately
40% due to its significantly larger material density. Forgaycle applications, the use of
a copper cooling plate could be beneficial due to its high bEage characteristic. For
stationary systems as the magnet power supply of this aiglic the weight disadvantage
of copper is not important. The cooling plate thickness ealselected are relatively high,
in order to compensate for the thermal capacitance thasigdige to the limited surface
area of the cooling plate. The increased thickness of thingpolate has a negative impact
on the thermal resistance of the cooling plate.

According to [(2.b) and_(216), for the same dimensions thentaéresistance and the ther-
mal capacitance ratios of aluminum over copper are appiabeiy
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Rtn,a1ycuy = 1.68 (6.1)

Cin,arycu = 0.70 (6.2)

Table[6.2 shows the different thickness values and the sporaling thermal resistance
and thermal capacitance values of the aluminum and the cappéng plate body, based
on (2.5) and[(216). Copper, as expected, exhibits bettemthleperformance than alu-
minum. Copper price is, currently, higher than for alumindherefore the decrease of
copper cooling plate dimensions, due to its high thermaloperance, could make this
solution attractive.

TABLE 6.2: Thermal characteristics of aluminum and copper coolingepfar different

values of thickness
Thickness Thermal capacitand¢fC] Thermal resistance{' /W]

Aluminium Copper Aluminium Copper

0.5 881 1220 2.88*10' 1.38*10°*

1 1760 2440 5.77*10 2.76*10

3 5280 7320 17*10! 8.28*10*
5 8810 12200 28.8*10 14*104

The next step is to define the cooling plate convection coeffido the ambiance, simi-
lar to [90]. The heat is assumed to be extracted only from tiin side of the cooling
plate. A moderate water-cooling convection coefficiégngqual to &1V/(°Cm?) [91] is,
initially, used in this work. The thermal resistance fronoltiog plate-to-ambient is calcu-
lated with the expression

1
hAhs

Rth,hsfa = (63)

whereA, is the whole lower surface of the cooling plate that is in echtvith the water,
as illustrated in Figure 6.2.
6.2.1 Results on cooling system investigation

By using LPN simulations based on the copper and aluminunirgpplates, the tempe-
rature is recorded throughout the power cycle at the topeofliermal paste, representing
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the level directly below the baseplate of the IGBT and at tinetjion of IGBT switch Q1.
The focus is on the temperature profile at junction level ihabnsidered to be more crit-
ical than the temperature profile at baseplate level, agybiisg to be mentioned later in
this section. For all figures the focus is on the first fifteecosels of the cycle where the
most interesting part of the response takes place. For @&y, within the 100cycle,
the junction temperature returns to the initial level tlaagsumed to be the water inlet
temperature of 2%

Figure[6.8a and Figufe 6.3b illustrate the junction temipeeafor the different values of
thickness between Q:5 and5cm for the aluminum and the copper cooling plate. The
heat convection coefficient used in both casesi§’5(°Cm?). The temperature response
is almost identical for all the thickness values at the fiestosd. According to the IGBT
datasheet, this time period represents, approximatedtinie until thermal steady state
for the module itself, therefore for pulses shorter thansewond, the cooling plate makes
no difference. For the O cooling plate, the thermal capacitance is very low leading t
high maximum temperature of approximately85and, also, to a high temperature swing
from the maximum temperature to the ambient temperatunalé8iobservations are valid
for the Irm cooling plate, with a maximum temperature of 78

For the two thick cooling plates the difference is smalhaiigh the increase in the thick-
ness is significant. Thecd: cooling plate limits the junction temperature to a maximum o
68°C' and the temperature swing to 435 In the S5m cooling plate case, the increased
thermal resistance obstructs the heat extraction and #renti capacitance is not high
enough to further filter the temperature swing. For the:$ooling plate the tempera-
ture swing is 40.9C' and the maximum temperature around®@5Independently of the
application, the 8n cooling plate would be selected for the aluminum case, dutsto
dimensions and weight advantage over the:5

In the copper cooling plate case, see Fidure 6.3b, the dditsemg are the same as for
the aluminum. Despite the better thermal characterisficopper, its increased cost out-
weighs the benefit in the temperature variation. If the:300ling plate is compared for
aluminum and copper, the lead of copper is orflg’Zor the maximum temperature and
for the temperature swing.
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Figure 6.3: (a) Junction temperature response for diftafeokness values of aluminum
cooling plate, (b) Junction temperature response for rdiffethickness values of copper
cooling plate, both cases with a convection coefficientidh3 (°C'm?).

Moreover, a second model is built to run an AC sweep analgsithe heat produced at the
most stressed device of the H-bridge. This set-up can besepted again by the Cauer
network of Figuré 6l1c. In this way the Bode plot magnitudegchan for the power loss
extracted to the ambient in relation to the power lossesymed by the device is obtained
covering the range of frequencies included in the appboatThe Bode plot diagram of
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Figure[6.4 illustrates the heat extraction ability for thtfedent thickness values of the
aluminum case by presenting the output heat to the ambi¢htrespect to the input heat
at chip level. The focus is on the frequency range of the pawagnet supply current
pulses. The 05n case demonstrates the highest ratio of output to input deatto its
low thermal resistance. This is in accordance with FiguBa 6T his heat extraction ability
is not the selection criterion because it implies a low heabge capability, a disadvantage
for medium and long pulse applications. This Bode plot conidstly, be of interest for
short pulses. The final choice would be the aluminum 8ooling plate.

-90 ‘ ‘
107 10" 10° 10
frequency [Hz]

Heat extraction from junction to ambient-magnitude [dB]

Figure 6.4: Magnitude bode diagram for the heat extractedeg@mbient with respect to
the heat dissipated by the chip.

The next step is to test the aluminum cooling plate with a lyigiffective water-cooling
system, in order to identify a possible gain. Figuréd 6.5 shthe junction temperature re-
sponse for the aluminum cooling plate, if the convectiorffazient increases to Z0V/(°C'm?).
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Figure 6.5: Junction temperature response for differaoktiess values of copper cooling
plate with a convection coefficient of &/ (°C'm?).

For the 0.5m the temperature swing and the maximum temperature are kabigdim-
ited compared to thel8V/(°Cm?) case. For both ther®: and the bm case, the enhanced
convection does not offer a considerable advantage fohtrenal stressing at chip level.
However, for the two cases with the smallest thickness galiiie impact of the increased
convection coefficient is important due to the reduced tlamapacitance of the cool-
ing plate. The selected cooling system would be the one withnaection coefficient of
5kW/(°Cm?), because it could, potentially, reduce the energy consompind the cost
for the increased water flow in the cooling system.

Table6.3 summarizes the temperature swing levels for tiee ttases; aluminumkbl’/ (¢ C'm?),
copper-&W/(°Cm?) and aluminum-18W/(°Cm?). According to Chapter 2, the junc-
tion temperature variation is considered as the main thiestressing parameter compared
to maximum junction temperature, since the heating timbeaéssame for all cases.
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TABLE 6.3: Junction temperature swing for different materials, auppplate thickness and
convection coefficient

aluminum for ~ copperfor  aluminum for
cooling plate thickness 5kW/(°Cm?) 5kW/(°Cm?) 10kW/(°Cm?)

[em] °C] °C] °C]

0.5 59.4 55.8 50.6
1 53.5 49.5 49.4
3 43.5 41.1 43.1
5 40.1 38.7 40.1

6.2.2 Possible failures and lifetime of the IGBT module

The aim of the design is to reduce the thermal stressing gboaeer module and to pro-
vide an increased lifetime according to possible futur@megnents. A lifetime estimation
is attempted based on the thermal stressing data that wexmed from the simulations.
The application note on lifetime of the IGBT modules of inttrg¢13], provides an esti-
mated number of cycles to failure for the first’ZZ@®f the number of samples. The critical
parameters are the junction temperature swing, the jumetiaximum temperature and
the heating time. An alternative lifetime estimation insthipplication note uses the case
maximum temperature and the temperature swing as crigcahpeters. Although the con-
ducted lifetime tests do not have exactly the same profil@athfs application, a rough
conclusion can be reached for the modules lifetime and nrosigble aging mechanisms.
Based on the simulation results, a comparison is needed éetiie two estimations, in
order to find the worst-case scenario that is the most pestsimapproach for the expected
lifetime.

If the junction-based estimation is used, two differenineations are presented for bond-
wire lift off and for chip solder delamination. The long pelapplication could make the
chip solder the dominant failure source. Therefore, frofij,[the cycle that is closer to this
application has a duration of $0temperature swing of 40" and maximum temperature
of 100°C'. The module is expected to have a lifetime of at least 328anal cycles or 15
years, in the case that solder fatigue is used. On the otlnek, ifahe bond-wire lift-off is
used as a cause of failure, the expected lifetime is deat¢ad®0 million cycles with the
new generation of epoxy-less modules. A suitable acceletast of the modules with the
specific load would be more accurate than these estimations.

According to the estimation based on the case temperatuasuraments for solder joints
failures of the conductor leads or of the substrate, the Isitiom results of 13C' tempe-
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rature swing and 38 maximum temperature show that no failure is expected fraaeh
parts.

6.3 Conclusions on cooling system investigations

From the comparison of aluminum and copper as cooling platemals, it is observed
that aluminum would be more suitable for the specializediegion if the problem of
corrosion did not exist for the specialized applicationsjite of the fact that copper ex-
hibits a better thermal performance than aluminum, theadesa of the maximum junction
temperature and temperature swing, if a copper cooling péatised, is minor. The high
specific thermal capacity of the aluminum compensates érdst of its thermal properties
for this application. The results are improved, if the coglplate thickness is increased,
but the increase fromca: to 5em does not result in a significant advantage. The linear
relation between the thermal resistance and the thickiregs the thermal performance
as the thickness level increases. A Bode plot at the frequieneys of the current pulse
is demonstrated as a technique for the evaluation of theexdatction capability of the
cooling system. It is considered as more useful for shodqsul

Furthermore, for mixed pulse applications, a thick coofpee may result in a slow cool-
ing time, due to the high thermal resistance of the cooliaggplenhancing significantly the
average and maximum junction temperature. On the other, lifethe aim is the tempera-
ture swing reduction, a compromise is needed in the desiginéoabsolute temperatures.
A highly effective water cooling system would almost not e the thermal stressing
at all for any of the 3m and %m cooling plates for the tested cycle. The cooling plate
thickness compensates for the convection coefficient. Tmwection coefficient influ-
ences essentially the system with the smallest cooling jpia®.5m. The findings or the
methodology could be extended to a module with an increaaséldbate thickness cooled
directly at this layer and even for customized solutione ¢bmparison in terms of mate-
rial could be between copper and AlISiC, due to their lowerrttarexpansion coefficient
comparing to aluminum for an improved lifetime.

6.4 Parameters modification for power losses regulation
during operation

This part investigates the possibility to reduce the théstrassing of high power IGBT
modules by taking the targeted magnet power supply as referd he thermal stressing
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Figure 6.6: Mitigation strategies demonstrated for curoycle No. 3.

mitigation is achieved by adjusting the switching frequeand the on and off gate resis-
tance values online. Using the pre-defined load profile ofagh@ication combined with
the existing hardware capabilities of the power convetven, approaches are described.
One approach is based on the reduction of the switching émguin the part of the cycle
where the output current precision is not a priority. Theoselcapproach combines the
possibility to reduce the switching frequency in a part af tdycle while increasing the
losses by increasing the gate resistance and the swital@ggency in another part of the
cycle. Figuré 6.6 provides an overview of the two approaches

Using four typical load current profiles as examples, twoigation strategies are pre-
sented and their benefits to the power stack in terms ofrfiiepprolongation is evaluated.
Finally, the investigation focuses on the relation betwiershape of the load current and
the potential for thermal stressing limitation that thegmeed mitigation strategies can
provide.

The motivation for this investigation can be summarizechieé major reasons. The first
reason is, clearly, to prolong the lifetime that is of utmiagportance for this application.
The second reason is to decrease the thermal stressingsenotaging detection, by
applying a mitigation strategy to decrease the temperaiuneg. The output power level
must remain the same and the derating, meaning the redumttithe converter output
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power, must be avoided. The third reason is that a mitigaticategy could be applied to
achieve an increased usage flexibility of a power stack.ithdhse, the same power stack
would have to supply a wide range of loads that were not spedifom the beginning.

Previous work

Various online methods are available in the literature thi@e a prolongation of the
power modules lifetime [92], [93]. The focus has been on #uriction of junction tempe-
rature swingAT); and, secondly, of maximum junction temperatiig,,,. Both of them
are crucial factors of thermal fatigue, as presented in @nehtOn the other hand, the
swing reduction could lead to an increase in the mean teryeraAnother possibility
is the frequency reduction but with the consequence of thd turrent ripple increase
[94]. For this work, the online parameters configurationfigterest for the lifetime pro-
longation and, at the same time, respecting the output regents in terms of current
precision. The temperature swing limitation is achievegimducing extra power losses,
usually, with the increase of the switching frequency atghe of the load profile where
the load current is reduced [95]. The power losses incréhsgunction temperature re-
mains at high level and the temperature swing is reducedpid@sed DC-link voltage
increase in[[96] for diode stress reduction in an inverteeatifying mode implies an in-
crease in the ratings of active and passive devices leadisgé and cost rise. Finally,
the gate voltage increase as a method to reduce the theresdiay may lead to potential
gate oxide degradation and higher dissipation at drivez [[S0].

6.4.1 Load profile and thermal modeling of power stack

The DC-link voltage for this investigation is the nominal TO@nd it is assumed that the
maximum current output for all the load profiles is 600rhe increased current output is
used, in order to make the effect of the mitigation strategmre evident. The nominal
switching frequency is 6/5H z. The current profiles in Table 6.4 represent current cycles
at CERN and are used for demonstration.

It is important to mention that the time interval, where thex a high precision require-
ment, is the flat-top. This is the case for the acceleratostea line TT2, whereas high
precision is required along the whole current cycle for theeéerators Proton Synchrotron
(PS) and Super Proton Synchrotron (SPS). The requiremaniaSfand SPS prohibit the
implementation of the proposed thermal stressing mitigasitrategies. The example of
TT2 is used as a reference for the analysis.
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TABLE 6.4: Magnet current profiles
Time duration/s]

Cycle No.1 Cycle No.2 Cycle No.3 Cycle No. 4

Ramp-up 2.82 0.15 3.1 3.9

Ramp-down 1.23 0.15 1.6 1.4
Flat-top 0.16 0.17 1 0.6

Zero-current interval 1.79 0.83 1.8 1.3

The LPN that is presented in Figure 3.18 and in Table 3.4 id fehe thermal modeling.

6.4.2 Proposed mitigation strategies overview

The mitigation strategies aim to reduce the junction tempee swing and, secondly, the
maximum junction temperature. The dependence of the sw@dbsses on the switching
frequencyf,, can be considered linear, according[fo (2.19). The impattie@thange of
switching frequency in the output filter is not a part of thigastigation. The gate resistor
value R, influences directly the turn-on and turn-off time of the sesnductor device.
As mentioned in Chapter 2, an increase of gate resistancesvalareases the switching
losses. The IGBT datasheet provides information for theiogi@f 12, values and switch-
ing power losses for a gate resistance range frof2 @5122. The actual values that are
used in the system are approximatefy fr the on-gate resistande, ,,, and %2 for the
off-gate resistancé, ,;;. These values are used as starting points for this invéistiga
Therefore,R, values greater than the actual ones are needed for extesIpssduction.
Again, the IGBT datasheet provides information for the relabetween the switching
energy losses at 16@0and the differen?, values. Based on the IGBT datasheet, a linear
approximation is used to estimate the switching losses#®new gate resistance values
and for the voltage and current levels of the applicationaHy, a linear approximation
is used to calculate the losses for a DC-link voltage ofl7@0at is close to the reference
datasheet value of 900 With R, equal to 12} for both R, ,,, and R, s, the turn-on
losses can be increased by a factor of more than 4 and theffulmsses by a factor of
1.5. The increase dk, comes with the cost of an increased dead time. Due to therexist
output filter no output voltage loss is caused. The purposkesfe calculations is to esti-
mate the maximum switching losses that would be availabile a/significant increase of
the gate resistance.
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Mitigation Strategy 1: Variable f, - Mitigation with reduced switching frequency

As mentioned before, the part of the cycle with the high mieai requirement for the
output current is the flat-top. The first proposed mitigastnategy reduces the switching
frequency by four times from the nominal value of &bz to 16257 =z during the ramp-
up and ramp-down phases. This reduction is based on thehfatcint this interval a fast
controllability and a high current precision are not needed

Mitigation Strategy 2: Variable R, - Mitigation with variable switching frequency
and increased gate resistance

For this strategy the power losses must be reduced durimgtg-up of the current using
again a switching frequency of 162%. During the ramp-down, the power losses must be
increased, in order to prevent the reduction of the jundignperature due to the power
losses reduction. Cycle No. 3 is used again for demonstration

Apparently, the gate resistance and switching frequenayefitecan be exploited only
while there is current supplied to the load. Figlre 6.7 fesusn the ramp down phase
of the load profile. It demonstrates the different power éssievels for a power module
achieved in three different cases, namely the initial dag&i$ by only switching the power
module at 6.5H > or by increasingR, without an f,, increase or, finally, by increasing
R, to 1) and f,,, to 15¢H z. The purpose is to show what the maximum available power
losses are that can be produced for the mitigation stralieigyobserved that the potential

in the production of power losses is significant.
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Figure 6.7: Power losses for the IGBT with focus on the ramyrdphase of the load cur-
rent: From top curve to bottom: Switching losses combiniraximum f,,, and maximum
R, switching losses only with increasét), switching losses in the intial case and, finally,
the mitigation with both increasefi,, and increased, or only with increased,.

The mitigation process for cycle No. 3 at the ramp-down b&gihen the current starts to
decrease at the time instant equal to4.The aim is to produce an amount of extra losses
that could maintain the temperature at the level reacheueirnd of the flat top. In other
words, the target is to be able to produce the same lossegydte ramp-down as during
the flat-top. With reference to Figure 6.7, the additionasks can, even, be produced with
only an increase off, until the crossing point P1. The amount of power losses predu
by the maximumR, alone is greater than the effect of the maximyim. In practice,

a variable gate resistance must be used and, at point PIgutdsheach the maximum
value that is defined at the level of @2From point P1 until point P2, the maximum gate
resistance with contribution by an increased switchingdency (even below %57 z)
must be used. From point P2 until the end of the ramp-downgextiex losses must be
provided by both the maximuR, as well as the maximunf,, of 15 H 2. The green and
the red dashed lines are at the same level, but there is fhat®a the green for illustration
purposes. For the time interval when the current startsdoae, up to P1, no difference
is expected if just?, is utilized. The difference in the extra power losses préidug if
both mitigation parameters are utilized, is that the flatltgses can be kept for extra time
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between P1 and P2 and that after P2 the device losses fololinthof the combinedz,
and increased,,, effect. The conduction losses at flat-top are significamtlyer, almost 6
times lower at the level of 600. It is considered that they have a negligible impact in the
presented analysis. It is concluded that, depending omstant of the ramp-down, the
extra power losses can be provided either by increaBingr by increasingf,,, or even

by the combination of the two parameters.

Simulation model logic

In the simulation model in PSIM, the difference between thetthp losses and the losses
without mitigation strategy is calculated during the radgwn. The calculated power
losses are injected to the IGBT thermal model until point R&nFpoint P2 until the
end of the current pulse, the extra power losses that arg@aj@re the difference between
the power losses with the combined effect of maximi&gand maximumf,,, and the
power losses that are produced without any mitigationeggsatThe model is an average
model to increase the simulation speed. A hysteresis diertie used to provide the cal-
culated power losses, in order to keep the temperature wdbe value at the beginning
of the ramp-down. In this way, the temperature neither m®es nor decreases further than
a specified band below@'. The presented temperature control logic is applicablerer
defined load profiles. Figuie 6.8 illustrates the logic fakal in the simulation model to
implement mitigation strategy 2.
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Figure 6.8: Power losses injection logic (a) Power lossestioaiing during ramp down
(b) Temperature regulation logic.

6.4.3 Mitigation strategies results - comparison and evaluation

For demonstration, Figufe 6.9 illustrates the LPN simalatiesults for the initial tempe-
rature evolution along cycle No. 3 and with Strategy 1 and @i the ramp-up phase,
it is observed that the rate of temperature change is sn@lapared to the initial case
for both strategies. During the ramp-down phase, Stratefgyckes the temperature to be
reduced abruptly, in contrast to Strategy 2 that keeps tnpdeature constant for a time
period longer than the current flat-top.

Based on the same simulation results, Figurel6.10 providestthnge in maximum junc-
tion temperature and temperature swing for the two strasegnd for the four different

cycles. Tablé 615 presents the thermal stress benefit forafatbe strategies. For the cy-
cles No. 1 and No. 2 the first strategy clearly leads to a lohembal stressing compared
to the second one. For profiles No. 3 and No. 4, the maximumdegiyre reduction is

significantly greater for Strategy 1, but the swing is reduc®re with Strategy 2. In all

cases, the benefit is clear. Especially, Strategy 1 coutdngially, lead to the power mod-
ules downsizing in terms of current ratings.
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TABLE 6.5: Thermal stressing reduction with mitigation strategiempared to initial cycle

Strategy 1 Strategy 2
Reduction in Reduction in
Cycle . .
temp. swing/max temp. temp. swing/max temp.
C] °C]

No. 1 8.4/29 6.9/16.2
No. 2 2.4/9.6 2.3/2.8
No. 3 0.7/19.8 2.4/6.8
No. 4 1.5/24.3 3.2/12.4

Another observation from the results in Table 6.5 is thattherall impact of the mitigation
strategies in terms of temperature swing is greater foresy8lo. 1, No. 2 and No. 4.
Especially the first two profiles have short flat-tops comgdcethe time constant of the
IGBT thermal impedance that is 6.3from 10% to 90% of the final value)([36]. The
impact of the mitigation strategies at the temperature gwgpends on the flat-top.

The application note for the life cycling capability of thead IGBT modules| [42], shows
the relation between the number of cycles and temperaturgdewels for different max-
imum temperature levels. Due to the duration of the cychesptost probable cause of ag-
ing is considered to be the bond-wire lift-off. Lifetime @es, which are provided, reach a
maximum of 100 million cycles for IGBT modules with and withepoxy filling. Figure
[6.11, as, already shown in Figure 2.10, illustrates thealirextrapolation that is imple-
mented to estimate the lifetime of the IGBT modules for mo@nth@ cycles and for
Tj.maz DEtWeen 75C and 100C. The lifetime curves for IGBT modules with epoxy fill-
ing in [42] are used for the extrapolation, as they providertdr estimated lifetime than
the IGBT modules without epoxy. Talile 6.6 summarizes thérife estimations in cycles
for the three cases. The increase in lifetime for the twdeggfas is significant. The main
disadvantages of Strategy 2 are the production of extresabst are compensated by the
losses reduction in the ramp-up phase compared to the icgis®, and, secondly, the in-
creased complexity because of the two parameters used.rfeomber of cycles over £0
millions, the lifetime estimation are done for the epoxyiritj case.
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Figure 6.11: Extrapolation of lifetime curves for IGBT modsiwith epoxy filling [42].

TABLE 6.6: Lifetime estimation approximations in million cycles faret four cycles for the
initial case and after each of the two strategies
Epoxy filling Initial lifetime  Str. 1 lifetime  Str. 2 lifetime

Cycle Yes (Y)/No (N)  estimation estimation estimation
Y 18 .
No. 1 N 109 10 10°
No. 2 L 10° 10 10°
Y 8 62 9
No. 3 N 45 557 45
Y 8 62 18
No. 4 N 45 557 109

6.4.4 Impact of the mitigation based on current pulse shape
Figure[6.1Pa illustrates the change in temperature swingthe change in percent of

the maximum temperature, if Strategy 1 is used, with theeiase of flat-top length for
cycle No. 1. The ramp-up, ramp-down and zero time remain d@nees which implies an
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increase in the RMS current for one cycle period. This cydteaay, has a long ramp-up
and ramp-down time limiting the impact of the increased titgt-at the total RMS current

of the cycle. There is an increase of’2n the RMS current in the longest flat-top case.
The benefit due to thAT; reduction decreases between thes@ldt-top and the 0.8one

by a factor of 2.5, whereds, ..., decreases by a factor of 1.3. During the flat-top phase,
the benefit in terms al\T) is almost zero, if the thermal impedance of the power module
is close to its steady state value or more. The thermal impexdapproaches its steady
state for a flat-top length of Os7 It can be concluded that the effect of the mitigation
strategies at the temperature swing is greater for profilds short flat-top. The flat-top
duration is crucial forATj;, because the maximum current is continuously applied to the
semiconductor device increasing the switching losses ANTfigeduction with the increase

of flat-top duration is kept to higher values in the case di8fyy 2, as observed from Table
2, but with the cost of much higher maximum temperature coagpto Strategy 1.
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Figure 6.12: (a) Change of temperature swing and of maximunpéeature in percent
with flat-top increase, (b) Change of temperature swing anda{imum temperature in
percent with ramp-up and ramp-down increase.

Respectively, profile No. 2 is used to investigate the impatte mitigation for different
ramp times. The ramp-up and ramp-down durations vary anfiati®p and zero-current
time intervals are kept constant. The influence of the rammptains increase in the RMS
current is limited due to the relatively long zero time. The Murrent increase in the
No. 2 cycle with the longest ramps isZ%ompared to the initial cycle. In this profile, the
ramp-up and ramp-down durations are equal. In Figurd 6th2trelation of the ramp du-
ration (either ramp-up or ramp-down) with) ..., andATj is illustrated by using Strategy
1 again. The mitigation leads to a more significapt,... reduction, if the profile has long
ramps. There is, also, a benefit {di;. RegardingAT}, the influence of a flat-top shorter
than the thermal impedance time constant of the module steelbesgreater than the ramp
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duration. This is valid for the preferred mitigation Stigtel.

6.5 Conclusions on online thermal stressing mitigation

This part has focused on the investigation and evaluatidwaimitigation strategies that
can potentially prolong the lifetime of the semiconductor& power converter used as
a magnet power supply. The mitigation strategy is based ept&-defined nature of the
load profiles in this application. Therefore, it can be addpb various load profiles for this
type of application using the same general concept. Theriempntal validation phase for
the thermal performance of the power stack has to come firstdier to allow such a strat-
egy. Moreover, these strategies could, also, be applied wbmg is detected and there is
no scheduled service stop soon enough. Between the two tiotigarategies, the reduc-
tion of the switching frequency during the ramps is found ¢ontiore effective in terms
of thermal stressing limitation and more efficient thankgi®reduction of the switching
losses in the converter. The second strategy leads toesdatsy results but there is a trade-
off between the lifetime increase and the decrease in effigielue to the power losses
increase during the ramp-down. Both strategies result mfggnt lifetime increase. The
flat-top of the pulse is crucial for the temperature swing gnadeffect of the first mitiga-
tion strategy at the temperature swing is greater for pofileh short flat-top compared
to the power module time constant. The mitigation leads tagersignificantl’; ,,,,, re-
duction, if the profile has long ramps, compared to the casgydés with short ramps.
An interesting observation is that by considering the ratiign strategies even from the
power electronic converter development phase, the caézlitatings of the IGBTs can be
reduced, potentially, leading to reduced cost and sizeeoptiwer stack.



Chapter 7

Conclusions and future work

7.1 Conclusions

Method for integrity assessment of power stack

This thesis contributes with a method for the integrity asegent of a semiconductor
power stack from the factory acceptance tests stage to thefets lifetime using planned
service stops. The presented method exhibits advantagtesrthessential for the integrity
assessment of a series of IGBT power stacks in industriaé sttals performed with a
fixed switching pattern without the need for current contFar the temperature estima-
tion with thev., method with sensing current previous methods used addlt@rcuitry
for the DUT isolation. This method does not need power staoHlifications for thev,,
measurement with sensing and high current. Foritheneasurement with high current
it is enough to connect a shorting wire in the power electraunverter output termi-
nals, in order to bypass the load. The measurement with higtertt can be obtained
in the extended ZTC operating region and not necessarilgtigxat the inflection point.
Moreover, the method provides on-the-stack thermal caiitm for thev.. method with
sensing current and for the, measurement in the ZTC operating region. Foritheher-
mal calibration with sensing current the temperature obffiee between cooling water and
ambiance was proposed offering fast thermal characteeat the IGBT module. How-
ever, this method is proposed to be applied during stopseradion. Therefore, the types
of operation that benefit the most from the developed methedre ones that include
scheduled service stops.
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Circuitry for v.. measurement

Particularly, for the implementation of the proposed mdthwo v.. measuring circuits
were proposed and analyzed. During their testing, theygar@/ measurement precision
at the level of maximum 1% using thev.. method with sensing current for measure-
ments at a switching frequency of up to 6/5z. One circuit was based on a Zener diode,
whereas the other used a pin-diode for the high-voltagemlagn Both exhibited ease of
implementation and calibration.

Specific findings for the application of the integrity assessent method to a magnet
power supply

It was demonstrated, based on datasheet values, thaf.theeasurement does not have
to be carried out exactly at the inflection point, since tHeatfof junction and ambient
temperature at.. was not significant in the extended ZTC operating region w&ithnge
of +/- 15A. It was shown, with the specialized application at CERN as amgke, that the
absence of the thermal paste layer can be detected durtogyf@acceptance tests, because
it causes twice the junction temperature rise comparecetodke with the normal thermal
paste thickness. Using the reference application as anm&amtemperature change of
more than 20C' in the cooling water temperature would have a consideratypact of 5%

on the thermal resistance estimation and, as a result, @otter delamination detection.
However, the investigation for the first time of the measurement in the ZTC operating
region as a method for bond-wire lift-offs detection for iigurrent modules showed that
the detection of wire bond lift-off is only possible when radhan half of a chijs bond-
wires have failed. It was shown that the voltage drop of pde&ts may be important for
the precision of such measurement for ambient temperahameges of over 3@

Investigation for current unbalance between substrates othe same IGBT module
due to temperature difference

The extended operation in the NTC operating region for tlexigized application was
a motivation for the experimental investigation of the eatrunbalance in a high-current
IGBT module, if temperature difference occurs among theshijne added value of the
findings was that the current unbalance between two suestogierating in the NTC op-
erating region, even with a temperature difference 6f_15%vas not significant. The addi-
tional thermal stressing at the substrate that conducthigieest current was negligible.
Therefore, it is not necessary to consider this unbalandkdarthermal modeling of the
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H-bridge operating in the NTC operating region. Moreoviedaes not seem to influence
the lifetime of the power modules.

Possibility for thermal stressing mitigation - design of coling system

In spite of the fact that copper as a cooling plate materihitgts a better thermal perfor-
mance than aluminum, it was observed that aluminum exkilziteost the same perfor-
mance as copper, in terms of maximum junction temperatudéeamperature swing cycle.
The high specific thermal capacity of the aluminum compesttr the rest of its thermal
properties for this application. The results were improf@dan increased cooling plate
thickness of 3m between the IGBT baseplate and water. A further thicknesgase of
the cooling plate to &n does not result to a significant improvement. A highly effect
water cooling system would almost cause no change to thentiestressing for a thick-
ness of 3m or above. A final observation is that the cooling plate thedsacompensates
for the convection coefficient increase frols/(°Cm?) to 106W/(°C'm?), potentially,
resulting in reduced energy consumption for the water @tan.

Possibility for thermal stressing mitigation - online strategies

Between the two thermal stressing mitigation strategies réaluction of the switching
frequency during the ramps was found to be more effectiveims of thermal stress-
ing limitation and more efficient thanks to the reduction loé switching losses in the
converter. The second strategy investigated resultedemmial stressing mitigation but it
produces extra power losses during the ramp-down comparthe tcase without mitiga-
tion and to the case with the first strategy. The maximum reolua 7j ... was 29C and
in AT} itwas 8.4C indicating that there is great potential for thermal stregsitigation.
The effect of the first mitigation strategy at the tempemtswing is significant for pro-
files with short flat-top duration compared to the power medurhe constant. Moreover,
T; maz Can be, substantially, reduced, if the profile has long ramps

7.2 Future work

The method for the assessment of the power stack integptyp@osed for industrial scale
implementation. To this extent, two further investiga@re suggested as future activity.
The first is the accelerated lifetime testing of the highrent IGBT modules to study the
impact of the two main failure modes @p.. Especially for the solder crack detection it is
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necessary to study the changevgf with aging in more depth , so as to be able to more
precisely estimate the health status of the device and tmglissh this aging mechanism
from possible thermal paste pump-out. Ideally, during isenstops, the detection and
separation of the thermal paste pump-out would be mademili@ same simple test as
for the detection of the other aging mechanisms. The repiiaf the testing accuracy
during service stops is critical for the aging detection.e&xtra investigation step would
be to change the isolation stage with a digital isolator aspuat to an ADC converter, in
order to compare with the isolation amplifier in terms of lesfenoise. It was shown that
the method is sensitive to the resistance of the power leaelsothe ambient temperature
variations. Although it was calculated that the precisiauld not be affected for ambient
temperature variations of up to 30, the change of the power leads or the auxiliary leads
resistance due to the skin effect in steep current ramps wastadied. The available
information in the literature is limited and an analyticaldy would be of interest.

An optimized testing technique for a large number of powaclst that could, simultane-
ously, test multiple DUTs could be proposed, in order to same during the application
of this method. These proposed future steps are necessayey new family of power
stacks used. The aging criteria that are set for this worlbased on previous works con-
ducted on IGBT modules with lower power ratings. Overall aistical analysis with data
collected during service stops for a series of power stackklevaluate the applicability
and precision of the method. Furthermore, the obtained aatil provide useful infor-
mation for the design trends that are more suitable for tieeiapzed application, as well
as for similar applications such as traction.

Regarding the investigation for thermal stressing mit@atexperimental verification would
be of great value, especially for the online mitigation tetgées. The effectiveness of the
strategies for a combination of current cycles, as a normadile for a magnet power sup-
ply, has to be proved. The actual impact of gate resistan@vitohing power losses has
to be verified. To the auth@knowledge, what does not exist in the current literatutieds
demonstration of the benefit in terms of lifetime, if an oelimitigation strategy is used.
This can be achieved with the comparison of the lifetime gdifGBT modules with a
mitigation strategy, as opposed to lifetime of IGBT modulathvgtandard operation. It
would be interesting to find suitable accelerated lifetisstg to represent the difference in
thermal stressing between the mitigation cycle and the abome. It is important to ana-
lyze if the calculated ratings of the power stack (coolingi@ldimensions, water-flow rate,
IGBT thermal performance) during the design phase could dhecexl by considering the
mitigation strategies. A design with thermal stressinggation could, potentially, lead to
reduced cost and size of the power stack.

For the case of cooling system design, the presented findiogjsl be extended to the
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modules with an increased baseplate thickness cooledlgliggcthis layer and even for
customized solutions for long pulse applications. The camspn in terms of material
should be between copper and AISiC or other materials, dukeio good thermal per-
formance and low thermal expansion coefficient for an impdolifetime. It would be
interesting to estimate the energy and cost saving for & lamgnber of power electronic
converters with increased cooling plate or baseplate tleisk as well as with reduced
water flow rate.
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Appendix A

TABLE A.1: Thermal characteristics for each layer of the module - FEM Sam

Thermal conductivity

Heat capacity]

Material [W/(m * K)] [kJ/(KgK)]
Silicon 130 700
Copper 394 385
96.5Sn/3.5Ag (chip solder) 33 220
92.5Ph/5Sn/2.5Ag (substrate solder) 70 1670
AIN DBC 170 745
AISiC 170 800
Thermal paste 1 1200
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