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Kurzfassung

Hohe Zuverléssigkeit und Systemlebensdauern im Bereich von 30 Jahren sind fiir
Systeme zur Nutzung erneuerbarer Energien essentiell zur Minimierung der Kosten
fir die gewonnene elektrische Energie. Es ist daher wichtig, dass Photovoltaik-
Wechselrichter neben einem hohen Wirkungsgrad auch ein hohes Zuverlassigkeit-
sniveau sowie lange Lebensdauern aufweisen. Dies ist zu erreichen wéihrend
gleichzeitig herausfordernde Kostenziele einzuhalten sind.

In dieser Dissertation werden Aspekte der Zuverlassigkeit von Leistungshalbleitern
in Photovoltaik-Zentralwechselrichtern untersucht. Die durchgefiihrten Arbeiten
sollen einen Beitrag dazu leisten Methoden aufzuzeigen um die auftretenden
Belastungen zu Bewerten und so die Entwicklung zukiinftiger Systeme zu unter-
stiitzen.

Auf Bauteilebene wurde eine umfassende Messkampagne zur Ermittlung der span-
nungsabhingigen Ausfallrate von Silicium und Siliciumcarbid Leistungshalbleitern
auf Grund von Single-Event-Burnout durch Héhenstrahlung durchgefiihrt. In
Kapitel 3 werden die Untersuchungsmethode sowie die betrachteten Halbleitern
beschrieben und die erzielten Messergebnisse werden diskutiert.

Auf Systemebene wurde eine Simulation entwickelt um die Temperatur- und
Spannungsbelastungen der Leistungshalbleiter (IGBT Module) in Photovoltaik-
Zentralwechselrichtern die in verschiedenen Regionen der Welt betrieben werden
zu ermitteln. Es wurde gezeigt, wie die ermittelten Belastungen in Relation zur
Belastbarkeit der Bauteile gesetzt werden kénnen (z.b. zur spannungsabhingigen
Ausfallrate auf Grund von Single-Event-Burnout und zur Zyklenfestigkeit der
Module) um zu evaluieren ob ein bestimmtes Design die Spezifikationen erfiillt.

Die entwickelte Simulation wurde aulerdem verwendet, um Methoden zu unter-
suchen um die Regelung des Kiihlsystems zu optimieren um die Belastung der
Halbleitermodule durch Temperaturzyklen zu minimieren.

Auflerdem wurde eine Methodik zur Messung der Chiptemperatur von IGBTs
wéahrend dem Betrieb von Leistungswandlern erfolgreich in einem Laboraufbau
eines dreiphasigen Wechselrichters implementiert.
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Abstract

High reliability and a system lifetime in the range of 30 years are essential for
renewable energy systems such as photovoltaic power plants to achieve minimal
cost for the generated electric energy. In addition to the key requirement of a
photovoltaic inverter design to achieve a high conversion efficiency it is therefore
very important to maintain or even improve the level of reliability over a long
lifetime while meeting challenging cost targets.

In this dissertation aspects concerning the reliability of power semiconductors in
photovoltaic central inverters are investigated. The work that was carried out
aims to contribute to the development of future systems by presenting methods
that can be used to assess the stresses that occur in the application.

On the device level an extensive measurement campaign to determine the voltage
dependent failure rate of Si and SiC power semiconductor devices due to single-
event-burnout caused by terrestrial cosmic radiation was undertaken. In chapter 3
the experimental method and the investigated semiconductors are described and
the obtained measurement results are discussed.

On the system level a simulation was developed to determine the temperature
and voltage stress on power semiconductors (IGBT modules) in photovoltaic
central inverters operated in different regions of the world. It was shown how
the determined stresses can be related to the robustness of the devices (e.g. the
measured voltage dependent failure rate due to single-event-burnout and the
cycling capability of the modules) to evaluate whether a certain design meets the
specifications.

The developed simulation was also used to investigate ways to optimise the control
of the cooling system in order to reduce the temperature cycling stress on the
power semiconductor modules.

Additionally, a methodology to measure the chip temperatures of IGBTs during
operation of a power converter was implemented successfully in a laboratory
set-up of a three phase inverter.
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1. Introduction

In the 1990s when grid-tied photovoltaic (PV) systems were first installed in
Germany in larger numbers as part of the 1000-roof program the specific cost was
around 12.400 € /kWp. Such installations were not profitable for their operators
even considering the large subsidies. [1]

This changed in 2000 as a high feed-in tariff for electricity from photovoltaic
systems was introduced by the 100.000-roof-program within the new Renewable-
Energy-Law', leading to a significant increase in the number of new installations
in Germany. Since then photovoltaic systems with a total rated power in excess
of 38 GWp have been installed in Germany alone [2]. As a consequence of scale
effects and technological innovation the cost for new roof installations has dropped
to less that 1.300 €/kWp in December 2014 [3].

As a result of the cost decrease photovoltaic installations can be competitive
with traditional energy generation in more and more situations today. Naturally,
photovoltaic electricity generation is most cost effective in regions with high solar
irradiance. In some locations in so called sunbelt regions the levelised cost of
electricity (LCOE) of large scale photovoltaic power plants was already at a level
comparable to the price paid for electricity by industrial customers in 2013 [4] as
a consequence of the reductions in investment costs over the last years.

Therefore, sunbelt regions can be considered future key markets for large scale
photovoltaic power plants. However, the challenging climatic conditions in these
regions put extra stress on many components and need to be taken into consider-
ation when designing systems that have to operate reliably for operating periods
in the range of 20 years.

LGerman: Erneuerbare-Energien-Gesetz (EEG)
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1.1. Motivation

The main factors determining the LCOE of a photovoltaic system are the initial
investment costs for the power plant, K, the operating costs, A;, during the
plant’s lifetime and the energy output in each period, Y3, as shown in the following
equation (adapted from [5, p. 169]).

n
A,
Ko + 2 ATWACO)?
LCOE = =

(1.1)

2”: Y,
& THFWACTY

In order to highlight the effect of a power plant’s operating period, the lifetime
of the power electronic inverters and the expected operation and maintenance
(O&M) costs on the LCOE the calculations performed by Doéring in [4] were
extended to include variations of the factors system lifetime, inverter lifetime and
operating cost [6].

The effect of the overall operating period of the entire photovoltaic power plant on
the LCOE is highlighted in Figure 1.1. The diagram shows, that by extending the
operating period from twenty to thirty years the LCOE in the analysed scenarios
is reduced by approximately 15 %.

-15% -
Thailand ——+——
- Australia +

Chile —@——

Levelised cost of electricity
(LCOE) / (€/kWh)
=] <}
=3 o
= B
|

20 25 30

Overall operating period of PV plant / years

Figure 1.1.: Influence of system lifetime on LCOE for very large scale PV power plants
in selected sunbelt locations. Re-plot of figure previously published in [6].

Two main components of a photovoltaic power plant are the photovoltaic generator
consisting of large arrays of photovoltaic modules and the power electronic
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inverters, which convert direct current from the PV generator into grid-compatible
alternating current. Manufacturers of photovoltaic modules offer modules with
20 years of warranty or more. However, the average warranty period for inverters
in 2012 was as low as five years [7]. This suggest that inverters may need to be
replaced multiple times during the lifetime of a PV system. The effect of such
replacements on the LCOE from a photovoltaic power plant was investigated
using a scenario for a photovoltaic power plan in Thailand for which an overall
operating period of 30 years was assumed. Initially, it was assumed that the
inverters can be used for the entire operating period. As can be seen in Figure 1.2
replacing the inverters after 15 years increases the LCOE by 3 %, while replacing
them every 10 years increases the LCOE by 6 %.

0.080

+6%

0.078
0.076 every 10years [l
every 20 years [l

0.074 No replacements [l

(LCOE) / (€/kWh)

0.072

Levelised cost of electricity

0.070

Inverter Replacement

Figure 1.2.: Influence of inverter replacement periods on LCOE (Thailand, overall system
lifetime 30 years). Re-plot of figure previously published in [6].

The O&M costs of a power plant also have an influence on the LCOE. In [4]
O&M costs for PV power plants were assumed to be in the range of 1% of the
original investment cost per year. To highlight the effect of the O&M costs on
the LCOE, this parameter has been varied between 0.5 % to 3% of the original
investment cost per year. The analysed scenario is a PV plant in Thailand with
an overall system lifetime of 30 years. Figure 1.3 shows that the O&M cost have
a strong influence on the LCOE.

The analysis of the factors influencing the LCOE of photovoltaic power plants
shows that all components of a photovoltaic power plant need to have long
operational lifetimes and operate reliably to minimize O&M costs and hence
ensure profitability.
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0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
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0.00
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1.0% / year
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Levelised cost of electricity
(LCOE) / (€/kWh)

annual O&M costs based on initial investment costs

Figure 1.3.: Influence of different levels of O&M cost on LCOE (Thailand, overall system
lifetime 30 years). Re-plot of figure previously published in [6].

1.2. Research objective and overview of work

The research presented in this thesis focuses on investigating aspects of the
reliability of power semiconductor modules in photovoltaic central inverters in
sunbelt regions.

On the component level an experimental investigation to determine the voltage
dependent failure rate of power semiconductor devices due to terrestrial cosmic
radiation was conducted. Details of the investigation are provided in Chapter 3.

On the system level a simulation to estimate the stress on the power semiconduct-
ors in a photovoltaic central inverter from realistic mission profiles comprising of
climatic data and information about the set-up of the photovoltaic system and
the design of the inverter was developed. Details of the simulation are provided
in Chapter 4. Using the simulation the expected failure rate of the semiconductor
devices in the application due to cosmic radiation induced failures is estimated
and the lifetime limit due to wear-out as a consequence of temperature cycles is
investigated.

The simulation was further used to investigate how changes to the control of the
cooling system can be made in order to reduce the temperature cycling stress
on the power semiconductor modules. Details of this investigation are shown in
Chapter 5.

Finally, the results obtained from implementing an online temperature sensing
solution for insulated gate bipolar transistors (IGBTs) in a small scale laboratory
demonstrator of a three phase inverter are presented in Chapter 6.



2. Background

2.1. Introduction

In this chapter the terminology of lifetime and reliability is briefly introduced.
Additionally, a short overview over inverters for utility scale photovoltaic systems
is given and the reasons to focus on the power semiconductor modules in such
inverters are discussed. Finally, some failure mechanisms relevant to power
semiconductor modules are introduced and methods for reliability estimation of
power converters are mentioned.

2.2. Lifetime and reliability

Reliability is a characteristic of an entity. According to the online IEC Electropedia
[8] the reliability of an item is defined as the "ability to perform as required,
without failure, for a given time interval, under given conditions". Based on this
definition a statement about the reliability of an entity such as a technical product
is required to include information about the required function of the product, the
time duration for which the product is expected to provide this function and the
conditions under which the product is operated.

In the case of a photovoltaic inverter it is expected that it converts the direct-
current output of the photovoltaic generator to grid-compatible AC current within
the limits of its specifications. The operating conditions are variable over time
and depend on the design of the photovoltaic system as well as the location it is
installed in.

The familiar bathtub curve shown in Figure 2.1 is used to explain how the terms
reliability and lifetime will be used for the purpose of this investigation. The
bathtub curve shows how the failure rate of a population of a product varies over
time. The time can be divided into three periods. [9, p.111],[10]
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early failures

wear-out failures

Failure rate - A(t)

constant failure rate (reliability)

during useful life period

time

Figure 2.1.: Typical bathtub shape of a plot of the failure rate of a population of items
over time. (also see [9, p.111],[10])

In the initial period the failure rate is dominated by early failures that result from
weaknesses in components or materials or that are results of random weaknesses
introduced in the production process. Burn-in tests are used to ensure that these
early failures are caught before products are shipped.

The second period is the useful life period. During this period it is assumed that
the product has a constant and hopefully low failure rate. The failure rate in this
period can be used as a measure for the reliability of a product. Instead of the
failure rate the mean time to failure (MTTF) is often given as a reliability metric.
While the MTTF is typically expressed in years it is important to note that it
expresses the average time between failures of a population in entity-years and
does not give any indication of the lifetime of a product.

The third period is the wear-out period in which the failure rate increases due to
deterioration of system components caused by ageing. The transition from the
useful life period to the wear-out period is considered the end of lifetime for this
study. While not all products will fail at that point the failure rate will start to
increase.

To illustrate the difference between reliability and lifetime the failure rate over
time and the survivability over time of two fictional product populations is
shown in Figure 2.2. The dashed lines in the diagram represent the failure rate
(hazard rate) of the two product populations while the solid lines illustrate the
survivability of the population, which corresponds to the share of entities that
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are still functional at a certain point in time. From the diagram one can see that
products of type A have a higher reliability (lower failure rate) during the useful
life period than products of type B. However, wear-out occurs much earlier for the
products of type A. As a result of the increased failure rate once wear-out starts
to cause failures the lifetime of the product (if one defines lifetime as the point in
time where 63 % of the population have failed) is much less for product B.

-1 50

1 40

- 30

hazard rate h(t) / FIT
survivability - R(t) / %

e - 20

T -4 10

y

time

Figure 2.2.: Failure rates (dashed lines) and survivability (solid lines) of two products.
(Blue: Product A, Red: Product B)

The above comparison shows that during the design of the product steps have
to be taken to ensure that the onset of this increase in the failure rate due to
wear-out occurs after the specified lifetime. Therefore, failure mechanisms that
may occur at any time during the life cycle of the product as well as wear-out
related failure mechanisms that will only appear after a certain time need to be
taken into consideration to design a product that will have the desired reliability
for the desired lifetime.
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2.3. Photovoltaic inverters in utility scale systems

In large utility scale photovoltaic systems central inverters with power ratings
upwards of a few hundred kW are commonly used. The maximum open-circuit
voltage of the photovoltaic array is typically 1000 V. It is expected that systems
with a maximum open circuit voltage of up to 1500 V will soon become the norm
to achieve cost advantages especially through reduced costs for cabling [11].

Large photovoltaic converters are typically realised as voltage-source-converters
with a DC/AC conversion stage with buck-characteristic. As a result the peak
of the output voltage waveform of these converters is always less than the input
voltage. While the two-level B6-topology is a well established topology for the
DC/AC stage in photovoltaic central inverters, as the simple commutation circuit
allows low stray inductance designs, other topologies such as interleaved B6-bridges
or multi-level topologies are viable options [11].

Depending on the choice of output voltage a DC/DC converter with a boost
characteristic is sometimes added as an input stage to the central inverter in
order to extend the range of input voltages that the converter can operate at.
An overview of DC/DC converter topologies suitable for the application can be
found in [11].

(opt.) LV-MV
PV-Generator DC/DC DC/AC transformer MV-grid
tvp. <1000V |+ B0
opt. <1500V _
= Ry
YL1:YL2:YL3
VPV T lch T “L1,*L2:7L3

| control-system |

Figure 2.3.: Overview of structure of a photovoltaic central inverter. Subsystems such as
auxiliary supplies, DC and AC contactors, gate-drives, etc. are not shown
for clarity.

While all components in the block diagram shown above need to have high
reliability and have to meet the lifetime requirement the focus of this investigation
is on the power semiconductors. This choice is based on the results of a survey
conducted by Yang et. al. in 2008 [12] to identify the reliability issues experienced
by industry. As part of the survey the responders were asked to identify fragile
components in power electronic systems. 'Power devices’ were identified as most
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fragile, followed by capacitors and gate drives [12]. A distribution of failure root
causes reproduced by Wang in [7, 10] supports that capacitors and semiconductors
are the most critical components.

Today, IGBTs are commonly used as active switches in photovoltaic central
inverters. The voltage and current ratings of the IGBTs depends on the choice
of topology and overall power rating of the converter. The large power ratings
common in central inverters (hundreds of kW) lead to the use of power semicon-
ductor modules that contain multiple IGBT and diode chips connected in parallel
to achieve the necessary current ratings.

2.4. Power semiconductor modules

The internal structure of an industry standard power electronic module, is shown
in Figure 2.4. As can be seen, the module is made up of a stack of different
materials. A direct copper bonded (DCB) ceramic substrate is soldered on top
of the module baseplate (Cu). The semiconductor chips (Si) are soldered to
the DCB and top-side interconnections are made using aluminium bond-wires.
Typically, a number of IGBT chips and diode chips are connected in parallel to
achieve the desired current rating of the module.

ageing chip solder ageing wire-bonds
/ bond-wires (Al)
ageing system solder o semiconductors (Si)
\ DBC

baseplate (Cu)

Figure 2.4.: Cross section of standard power module - also see [13, 14]

Failures of power semiconductor modules can be attributed either to the semi-
conductor device itself or to the package. Alternatively, one could also classify
the failures as wear-out failures (usually package related) or catastrophic failures
caused by overstress of the device. Information on the different failure mechanisms
can be found in many publications in literature (see e.g. [13-19]).
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2.4.1. Packaging related failure mechanisms

Losses in the semiconductor chips result in the heating of the chips as well as the
various materials in the thermal path. The semiconductor losses change over time
since the power output of the inverter varies as a consequence of solar irradiance.
Hence, temperature swings occur at the interfaces between the materials inside
the power electronic module. Since each of the materials within the IGBT module
has a different coefficient of thermal expansion (CTE) the temperature swings
lead to thermo-mechanical stress. Over time this stress leads to deterioration of
the bond-wire (Al) to chip (Si) interface as well as at the die-attach solder and
the substrate to baseplate solder. [16, 19, 20]

In the past years many technological advances were made to improve the standard
module as described above in order to increase the cycling capability. Lutz provides
an overview of the approaches that are used to increase the cycling capability
n [13]. Amongst the approaches to increase the cycling capability are the use
of Cu wire-bonds as well as the replacement of solder layers by sintered silver
layers or diffusion soldering [21]. Other approaches are to completely eliminate
the wire-bonds and replace them by a flexible foil sintered to the top-side of the
devices [22].

Modern IGBT modules with optimised wire-bonds and solder / sinter layers (e.g.
Infineon .XT technology) as well as modules that make use of sinter layers and
have eliminated the wire-bonds (e.g. Semikron SKiN technology) far exceed the
cycling capability of the standard module shown in the beginning of this section
[21, 22].

The robustness of a certain power semiconductor module technology against wear-
out failures induced by temperature cycles is commonly evaluated by conducting
accelerated tests. Two main types of tests are conducted: (active) power cycling
and (passive) thermal cycling tests.

Passive thermal cycling tests are conducted by placing the modules into a thermal
chamber and repeatedly changing the temperature to expose the modules to
a certain temperature swing. To conduct active power cycling tests losses are
generated in the semiconductor chips within the module by applying a suitably
high current for a time in the region of a few seconds. The heating current is
then turned off and the chip cools down.

In both types of accelerated tests the electrical and thermal parameters of the
devices under test are continuously monitored to detect deteriorations. Failure
criteria have to be defined (e.g. a certain percentage increase in forward voltage
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2.4. Power semiconductor modules

or thermal resistance) and testing is done until measurements on the device under
test (DUT) show that the failure criteria are exceeded.

Based on cycling tests models for the cycling capability of the models are formu-
lated. Models for the power cycling capability of standard modules such as the
LESIT model [23] or the CIPS08 model [24] are available in literature. The LESIT
model relates the number of cycles until failure Ny to the junction temperature
swing AT; and the mean temperature 7}, as per the following equation

Nf:A~AT]q-eJ:p(RQT ) (2.1)

where A = 640, a = -5, R = 8.314Jmol 'K and Q = 7.8 x 10* Jmol ™! [23].
The CIPS08 model also takes into consideration the pulse on-time, the voltage
rating of the chip, the current per bond-wire and the bond-wire diameter [24].

From the point of view of a system designer instead of using literature models it
is preferable to obtain cycling capability data for the relevant modules from the
module manufacturer. Such data is usually provided in the form of diagrams that
illustrate the permissible number of cycles as a function of temperature swing,
either for the chip temperate or for the case temperature. Additional factors such
as the pulse on-time may also be given as discussed in [25].

To evaluate whether a module will withstand the cycling stress in a certain
application the temperature cycles expected during the desired operating time
need to be estimated. It is therefore necessary to find out during the design phase
of a power electronic system how many power / temperature cycles of a certain
temperature swing and average temperature the power semiconductor modules
will be exposed to. For that purpose electro-thermal simulations taking into
consideration the mission profile for the relevant application can be conducted.

2.4.2. Device related failure mechanisms

In [17] Wu et. al. review ’catastrophic failures’ of IGBTs and further classify
these as either short-circuit or open-circuit failures. The open-circuit failures are
a consequence of bond-wire lift-offs or gate-driver failures, while the discussed
short-circuit failures occur as a consequence of high voltage breakdown, latch-up,
second breakdown or energy shocks [17].

11



2. Background

Another failure mechanism at the device level is the degradation of the gate-oxide.
Gate oxide degradation can occur quickly if the oxide is over-stressed or over a
longer time period at lower stress. [16] For the purpose of this investigation it is
assumed that gate voltages are always maintained within the specified ranges in
a converter and that these specifications are defined to avoid issues with the gate
oxide.

Most of the failures that occur at the device level due to the mentioned failure
mechanisms are consequences of exposing the IGBT to stresses outside its capab-
ilities. Examples for such over-stresses are an excessive collector-emitter voltage
Ve or excessive currents (e.g. short-circuit currents). These failures mechanisms
due to over-stress will not be further considered within this investigation, as
it is assumed that design measures are taken to avoid such over-stresses from
destroying the semiconductors in a converter. As no actual design for a large
converter will be done these are outside the scope of this investigation.

The impact of a high energy terrestrial cosmic radiation particle in a voltage
blocking semiconductor can lead to catastrophic failure as was first discovered
in the 1990s [26—29]. The failure rate of a given device due to cosmic radiation
induced failures depends strongly on the voltage applied to the semiconductor
device as is shown for example in data for power semiconductors in [30, 31]. In
the same source the dependence on altitude (due to increasing terrestrial cosmic
radiation with altitude) and device temperature is also shown.

The system designer needs to estimate the voltage stress in a given application
in order to compute the estimated failure rate based on the cosmic radiation
robustness of the considered device. If the estimated failure rate is above the level
acceptable for the reliability of the system devices with a higher robustness need
to be used. In many cases this results in the use of devices of a higher voltage
class or multi-level topologies, which increases system complexity and cost.
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2.5. Methodology for reliability evaluation

To evaluate the reliability of a design for a power electronic converter the so called
parts-count-method or parts-stress methods can be used as discussed by Walter
in [32]. To estimate the failure rate using the parts-count method failure-rates for
each component from a failure-rate catalogue such as MIL-HDBK-217F [33] are
used. The estimate for the total failure rate is obtained by summing the failure-
rates across all components in a system. The parts-stress method additionally
assigns stress level dependent scaling factors to the failure rate for each device.
These factors are also obtained from a catalogue such as MIL-HDBK-217F. This
has the advantage of including some information regarding the stress applied to
the component in the application.

In [32] Walter presents a methodology to compare the reliability of different
power electronic converter designs. The stresses on the different components in a
converter are obtained through electrical and thermal simulations and the failure
rates are estimated based on handbook data and some additional factors.

The disadvantage of the parts-count and parts-stress methodologies is their
reliance on data in reliability handbooks and failure rate catalogues. As the
catalogues are based on historical data (e.g. MIL-HDBK-217F was last updated
in 1995) the data may not be applicable to the components available for new
designs. Also, the failure rates calculated from the handbook methods do not give
any indications of the causes of the failures [10]. Furthermore, calculated MTTF
values obtained by using the handbook methods generally assume constant failure
rates and that no wear-out occurs. If these assumptions are not met significant
inaccuracies can be expected [10].

An altogether different approach to predict the reliability of a certain power
electronic converter system is to follow design for reliability (DfR) procedures that
take into consideration the physics-of-failure method as illustrated for example
by Wang et. al in [10]. Instead of using historical data for the expected failure
rate of each component the detailed failure mechanisms are analysed and models
are formulated that relate the stress to the failure-rate based on the underlying
physical process that leads to the failure. An example is to link the change
in electrical and thermal behaviour of a power semiconductor module to the
temperature cycling stress which causes crack-growth due to electro thermal
stress.

If the failure mechanisms affecting a certain component are known, suitable
models of the failure mechanisms are available, and the relevant stresses can be

13



2. Background

identified from the mission profile (e.g. by using a simulation) the stresses can be
related to the strength of the component and a failure-rate or lifetime limit for
the component can be identified. In Figure 2.5 the process of looking at every
imaginable failure mechanisms for every component in a system to evaluate the
reliability / lifetime of the system is illustrated.
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o, S e ——————— |
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Figure 2.5.: Flowchart for the reliability prediction of power electronic systems. Similar
illustration previously published in [34]
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To combine the results of analysing each component and failure-mechanism for
an entire system the estimated information can be combined along the branches
of a fault-tree that illustrates how failures of individual components may combine
to cause a system failure as illustrated in Figure 2.6. Such a fault tree can be
obtained for an entire system for example by performing a fault tree analysis
(FTA) For information on the FTA see e.g. [9, pp.251].
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?
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Figure 2.6.: Combining failure rates to estimate system the system failure rate.

In chapter 4 a system level simulation of a photovoltaic central inverter will be
presented that allows stresses on the power semiconductor to be estimated from
a mission profile for a certain location. Estimating the stresses on a component
is necessary to perform investigations using physics-of-failure-based models to
estimate the reliability and lifetime of the power semiconductor modules in
photovoltaic central inverters.

Similar work is described for various applications in literature. Wang et. al. [10]
provide an overview of the physics of failure based design for reliability approach
along with a case study in which the temperature cycling stress in a 2.3 MW
wind power converter is analysed. In [35] Senturk et. al. analyse the temperature
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cycling stress on the semiconductors in the grid side converter of a large wind
turbine. In [36] a lifetime estimation for a wind power converter is taken out.
The cycling load on the components in a three phase BS-NPC silicon carbide
(SiC) PV-inverter with 12kV A rated power is estimated in [37].

2.6. Conclusion

In this chapter the terminology of reliability and lifetime used in the remainder
of this investigation were introduced. Additionally, the key specifications of
photovoltaic central inverters as the key elements of very large photovoltaic power
plants were briefly discussed.

Since the focus of the investigation presented in this work is on the power
semiconductor modules within photovoltaic central inverters a brief overview of
the relevant failure mechanisms for state of the art IGBT modules was provided.
Finally, the physics of failure based method of reliability and lifetime prediction
was introduced.

16



3. Cosmic radiation ruggedness of
power semiconductor devices

3.1. Introduction

A very important failure mechanism of power semiconductor devices is the
occurrence of single event failures triggered by cosmic radiation. The term single
event burnout (SEB) is used in this investigation to denote all catastrophic
failures as a consequence of impacts of high energy particles from terrestrial
cosmic radiation, even though multiple underlying failure modes (SEB / single
event gate rupture (SEGR)) exist.

The objective of the research presented in this chapter is to analyse the susceptib-
ility of different types of power semiconductors, specifically those made of silicon
carbide (SiC) and silicon (Si), to terrestrial cosmic radiation.

To introduce the investigation the characteristics and origins of terrestrial cosmic
radiation are described and an overview of the failure mechanism that causes
power semiconductors to fail due to terrestrial cosmic radiation is presented.
The experimental method that was followed to measure the cosmic radiation
susceptibility of semiconductors is then described. Afterwards, the measurement
results obtained from the experiments are presented. Finally, the experimental
results are discussed, compared with the available information from literature
and conclusions are drawn from the investigation.

The research presented in this chapter was conducted as part of the research project
HHK'. The results of the performed measurements along with information about
the experimental set-up and measurement procedure were previously published
by the author in [38].

1 Joint research project funded by the German Federal Ministry of Education and Research
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3. Cosmic radiation ruggedness of power semiconductor devices

3.2. Background on cosmic radiation

3.2.1. Origin and characteristics of cosmic radiation

When talking about cosmic radiation it is important to distinguish between the
primary cosmic radiation that strikes the earth’s atmosphere from outer space
and the terrestrial (secondary) cosmic radiation observed on the earth’s surface.

Primary cosmic radiation is a high energy particle radiation consisting of stable,
charged particles, mainly hydrogen and helium nuclei, accelerated to very high
speeds in the range of 1 MeV up to and exceeding 300 EeV [39]. The flux rate of
particles exponentially decreases as particle energies increase and is illustrated for
example in [39-41]. In comparison, the LHC at CERN can accelerate protons to
3.5 TeV [42] which highlights the immense energy of some of the primary cosmic
radiation particles.

Particles with energies below 1 GeV can mainly be attributed to the sun and up to
10 GeV the flux measured on earth is modulated by solar activity [40]. Particles
with higher energies originate from outside our solar system and possibly even
outside our galaxy [40]. Research into the mechanisms that accelerate the primary
particles to extremely high energies is ongoing [39, 40].

The primary cosmic radiation particles do not reach the earth surface as they
collide with molecules in the atmosphere (mainly Oy and N3) creating cascades of
secondary particles. The secondary cosmic radiation that can be observed on the
earth surface is a result of these collisions and consists of photons (y-radiation),
electrons and positrons, muons and hadrons (neutrons, protons, pions). [40]

As discussed by Kaindl [43] and Weif} [44] the components of the secondary cosmic
radiation which are most relevant for interactions with silicon atoms inside of
power semiconductors are the nucleons (neutrons and protons). As the number of
neutrons reaching the earth’s surface is much higher than that of protons [45] and
since shielding against protons is relatively simple [44], neutrons are the relevant
component of terrestrial cosmic radiation when considering single-event-effects
in power semiconductors. Thus, for the remainder of this investigation only the
terrestrial neutron flux rate induced by cosmic radiation will be considered.

The reference spectrum of the flux of neutrons at sea level for New York City
(NYC) as given in JESD89A is shown in Figure 3.1. The total flux of the spectrum
above 10 MeV is 3.6 x 1073 n/cm?s. [46]
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Figure 3.1.: Reference neutron flux for New York City. (Source of data: [46])

3.2.2. Factors influencing the terrestrial neutron flux

The main variable influencing the local neutron flux rate is the altitude above
sea level. At an altitude of 3000 m the neutron flux is approximately 10 times
greater than at sea level [46], which illustrates that the elevation of a site at which
power electronic equipment is to be installed has to be taken into account when
estimating the local neutron flux and hence the component failure rates.
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Figure 3.2.: Altitude dependent acceleration factor for terrestrial neutron flux. (for
underlying equation see: [46])

Additionally, the flux rate is influenced by the position of a location within the
earth’s geomagnetic field. The maximum difference in neutron flux rate between
two locations due to variations in the geomagnetic field can reach a factor of 2
to 3 (at the highest inhabited altitudes) [46]. The third factor influencing the
neutron flux rate is the solar activity. As can be seen from Figure 3.3 the neutron
flux rate varies periodically with a period of around 12 years.
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Figure 3.3.: Monthly averages of recorded neutron count rate at Oulu Neutron Monitor
for a period of 51 years. (Source of data: [47])

According to [46] the neutron differential flux at any location can be expressed as
the product of the reference spectrum and the scaling factors for altitude, Fa,
and for the influence of the geomagnetic location and solar modulation, Fz. The
combined dependency of the neutron flux on the altitude and the geomagnetic
rigidity is illustrated in the map? in Figure 3.4.

S
Acceleration Factor Fy - Fg

F T T T T T 1
180°W 120°W 60°W o° 60°E 120°E 180°W

Figure 3.4.: Relative neutron flux rate based on location (scaling factor Fa - F) at
average solar activity. Calculated using the method and rigidity cut-off data
from [46] in combination with global elevation data from [48].

2Plotted using Rich Pawlowicz’s M__Map toolbox: https://www.eoas.ubc.ca/~rich/map.html
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3.2. Background on cosmic radiation

Figure 3.4 shows that areas with high elevation above sea level as well as regions
close to the poles exhibit large terrestrial neutron flux rates, as is expected.
However, also in areas with moderate elevations significant increases in the
neutron flux rate can be observed.

To illustrate the importance of considering the local neutron flux rate for the
estimation of failure rates the calculated scaling factors for a number of sunbelt
regions is shown in the Figure 3.5. The values show that in some sunbelt locations,
which are attractive for the installation of photovoltaic power systems, a neutron
flux of up to five times the intensity than at the reference location is to be
expected.
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Figure 3.5.: Scaling factor for terrestrial neutron flux in sunbelt locations with potential
for large scale photovoltaic installations.

3.2.3. Conclusion

Terrestrial cosmic radiation is omnipresent on the earth’s surface. For power
semiconductors the neutron flux is the most damaging component of the terrestrial
cosmic radiation as it can trigger catastrophic single-event failures.

To estimate the probability of equipment failures due to terrestrial cosmic radiation
it is essential to know the stress at a given location, which depends on the elevation
and geomagnetic conditions. The methodology described in JESD89A [46] can
be used to calculate the neutron flux for any location relative to the reference of
New York City.

Since it is not feasible to shield power semiconductors against the neutron flux
accurate knowledge of the failure rates that have to be expected is required to be
able to calculate the probability of a cosmic radiation induced failure of power
electronic equipment.
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3.3. Single-event-burnout in power semiconductors

In this section the failure mechanism known as single event burnout (SEB) in
power semiconductor devices is summarised briefly. Additionally, data on the
susceptibility of different power semiconductor devices that is available from
literature is presented. Finally, based on the presented information the motivation
to undertake a testing campaign to characterize different semiconductor devices
is given.

3.3.1. Description of the SEB failure mechanism

The underlying process leading to single event burnout in a power semiconductor
as a consequence of a collision between a high-energy atmospheric neutron and
a silicon nucleus is described as a three stage process in the work of Weif} [44,
pp.13] and is very briefly summarised in the following paragraphs.
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e Step 1: Neutron impact

A high energy atmospheric neutron passing through the space charge region
of a voltage blocking semiconductor will collide with a silicon nucleus with
a certain probability. Through a nuclear reaction light ions, which have
kinetic energies in the region of 10 to 100 MeV, are created. This first step
happens within the first few 10 ps after the neutron impact.

Step 2: Formation of a conductive channel

The deceleration of the ions produced as a consequence of the neutron
impact leads to the creation of a localised electron-hole plasma and the
electric field in this location breaks down. At the edges of the plasma very
steep field peaks occur. As a consequence charge carriers are accelerated
and generate more charge carriers through impact ionisation, causing the
plasma channel to expand. Above a certain threshold voltage the plasma
channel can expand through the entire device, causing a short-circuit. The
formation of the plasma channel - called a streamer - takes around 200 ps.

Step 3: Self-heating in the plasma channel

Once the plasma channel is established a highly conductive path short
circuits the device. While the plasma channel disappears after around
20 ns the self heating during this time can lead to a temperature rise that
can exceed the melting temperature of silicon, resulting in the permanent
destruction of the device.



3.3. Single-event-burnout in power semiconductors

A detailed description of the process leading to the destruction of a Si PiN diode
and coupled electro-thermal device simulations of the process are presented by
Weif} in [44]. Based on numerical simulations as well as experiments which confirm
the results the following design parameters are identified by Weif} as having an
influence on the failure probability in Silicon PiN diodes:

e The level of doping in the base material (n- layer)

o The width of the base area

o The design of the cathode (depth and level of doping)
e The field-stop layer

e The design of the anode

It is shown by WeiBl [44] that the process leading to cosmic radiation induced
failures of switching power devices such as IGBTs and metal oxide field effect
transistors (MOSFETs) can be investigated using simulation methods similar to
the one for the PiN diode.

A designer of a power electronic converter typically uses commercially available
semiconductor devices and thus will not have the detailed information about the
semiconductor chip’s design that are necessary to undertake such simulations.
Therefore, one has to rely on failure rate data provided by the device manufacturer
or obtained through ones own measurements.

3.3.2. Failure rates for SEB in power semiconductors

Data for the SEB robustness of semiconductor devices is not included in device
data-sheets. However, failure rates for some devices can be obtained from ap-
plication notes (e.g. [30, 31]) and some results of measurements of device failure
rates can be obtained from literature (e.g. [49-53]). Such literature data was
used to plot the voltage dependent failure rate for a small set of semiconductors
in Figure 3.6.

From the data one can see that each device has a certain threshold voltage below
which the failure rate is so small that even in accelerated experiments no failures
are observed. Once the voltage at which the first failure are observed is exceeded
the failure rate increases exponentially with increasing voltage. One can also see
that the SiC devices appear to be more robust when looking at this limited set of
data, as most of the red data points are further on the right of the diagram.
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Figure 3.6.: Exemplary failure rates for Si (blue) and SiC (red) power semiconductors.
(Source of data: [49, 50, 52])

However, as very little information is available about the tested devices and their
characteristics, it is difficult to draw any conclusions from this information. In
fact, in [54] it was shown that while 1200V SiC Schottky diodes appear to be
more robust than silicon (Si) diodes, the opposite was true for the tested 600V
devices. This highlights the need to perform measurements of the SEB failure rate
of state of the art SiC diodes and MOSETs and to conduct detailed comparisons
with state of the art Si devices.

3.3.3. Conclusion

A brief summary of the failure mechanism of single event burnout (SEB) as it is
described in [44] was presented. It was mentioned that in [44] a numerical simula-
tion method has been presented that enables investigations of a semiconductor’s
SEB robustness if detailed knowledge of the semiconductor design is available.

As a user of power semiconductors, the designer of a power electronic converter
usually has limited knowledge of the internal structure of the available power
semiconductors and can not conduct such numerical simulations. Yet, knowledge
of the voltage dependent failure rate of the power semiconductors used in a design
is essential to ensure that reliability criteria are met. Therefore, measurements of
the SEB failure rate are required.
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A look at SEB failure rate data for Si and SiC power semiconductors published
in literature suggests that SiC devices may be more robust than Si components.
To investigate whether this is the case for the devices available today, a testing
campaign has to be conducted. In addition to the measurements of the voltage
dependent failure rates due to SEB it is important to measure further device
parameters such as the breakdown voltage in order to identify if differences that
may be found can be attributed to the capabilities of the materials or whether
they are a result of the way a particular device is designed.

3.4. Methodology for SEB failure rate measurements

In this section the experiment that was conducted to measure the failure rate
of different power semiconductors due to cosmic radiation induced single-event-
burnout is described. Initially, the neutron irradiation facility at the The Svedberg
Laboratory in Uppsala, Sweden is introduced. Afterwards, a detailed description
of the experimental set-up and the procedures that were followed to conduct the
experiment is provided.

3.4.1. Neutron irradiation facility

Conducting measurements of the robustness of power semiconductors against
cosmic radiation induced single-event-burnout is only feasible if the experiment is
accelerated significantly, as it is necessary to measure very low failure rates in
the region of 1 FIT. Carrying out such measurements without artificial increase
of the stress (in this case the amount of neutrons passing through the devices
under test) would take many years, even if a few thousand devices were tested at
the same time. Therefore, a facility at which a large neutron flux is available is
required to accelerate the experiment. Ideally, the spectrum of neutrons provided
at such a facility should resemble the natural spectrum on the earth’s surface (see
Figure 3.1).

The experiments conducted in this study were performed during a one-week
testing campaign at the ANITA facility at the The Svedberg Laboratory at the
Uppsala University (Sweden). At this facility a cyclotron is used to accelerate
protons to form a 180 MeV proton beam which is led to a tungsten target. From
the nuclear reactions induced in the tungsten target by the protons the neutron
beam is formed. At the standard-user-position 2.5m from the tungsten target
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a neutron beam with a circular cross-section with a diameter of up to 39 cm is
available. [55]

In Figure 3.7 the neutron flux at the ANITA facility is plotted by computing
the spectral neutron fluence per incident proton using information from [55] and
multiplying with a factor corresponding to the used beam intensity®. The diagram
shows that the neutron spectrum at the ANITA facility is comparable to the
scaled reference spectrum up to around 150 MeV.
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Figure 3.7.: Spectral neutron flux at ANITA facility computed from spectral neutron flu-
ence per incident proton given in [55] multiplied by beam current compared
to the reference terrestrial neutron flux given in [46] scaled by 3 x 108.

The maximum energy integrated flux available at the standard-user-position
is approximately 1 x 10n/cm?s. Compared to the reference neutron flux at
sea level (3.6 x 1073 n/cm?s [46]) this corresponds to an acceleration factor of
approximately 2.8 x 108, Further information about the ANITA facility can be
found in [55].

3.4.2. Experimental set-up

The experimental set-up was developed based on information in MIL-STD-750
test method 1080: ’Single-event burnout and single-event gate rupture’ [56],
descriptions of experimental set-ups in literature (e.g. [49, 50, 57-59]) and
previous experience with SEB measurements that project partners within the
project HHK have shared.

3Beam current of 215 nA or 1.34 x 102 protons/s. Information kindly provided by email by
Prof. Alexander Prokofiev, TSL, Uppsala University.
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3.4. Methodology for SEB failure rate measurements

As described by Liu et. al. in [60] it is possible to perform SEB testing non-
destructively by placing a load resistor in series with each DUT. However, to
determine the appropriate value of the protection resistor knowledge of the voltage
at which SEB is expected to occur and the level of SEB current are required.
For the purpose of this investigation it was decided to perform destructive SEB
testing to ensure that conditions are comparable to the actual application.

In order to be able to measure low failure rates within relatively short times and
to enable the detection of at least 10 failures at each measuring point around
200 samples of a given semiconductor need to be exposed to the neutron beam
and their status needs to be monitored. To quickly isolate failed devices each
sample was connected to the high-voltage source using a fast-blowing 50 mA fuse
as illustrated in Figure 3.8.

2300

F1 F2 F3
6

Vbe O Dmﬁ Dma Dunﬁ

Figure 3.8.: Circuit to detect device failures for SEB failure rate measurement. Exem-
plary drawing for a group of three DUTs. In the experimental set-up each
group had space for either 12 or 14 DUTs. (Principle circuit previously
shown in [38])
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o

To detect the status of each fuse and hence to monitor device failures, a high-
voltage resistor is connected to each fuse. By measuring the voltage dropped
across the 10k resistor the devices remaining active can be computed using
Equation 3.1, where Vs is the voltage measured across the 10k() resistor,
Vpur is the DC-voltage applied to the devices-under-test and R+ and R,,cqs are
the 10 M2 and 10k( resistances shown in Figure 3.8.

Vmeas - R

3.1
meas ° (VDUT - Vmeas) ( )

NDUT intact —
’ ’ R
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3. Cosmic radiation ruggedness of power semiconductor devices

For the experiments, printed-circuit-boards as shown in Figure 3.9 were developed.
Each such circuit board can accommodate a maximum of 52 DUTs on two smaller
circuit-boards, which act as "carriers" for the DUTs. To monitor the status of the
DUTs four groups of circuits as previously described (see Figure 3.8) are present
on each main-board.

Connection to
voltage source

50mA fuses (fast)

10 M2 resistors

voltage measurements’
to datalogger

Figure 3.9.: Main printed-circuit-board for SEB testing. A maximum of 52 DUTs can be
connected using two smaller printed circuit boards (PCBs) that are plugged
into the main-board.

The DUTs are connected to the main PCB using smaller circuit-boards. This
gives the flexibility to either use discrete devices or bare-die chips bonded onto
test DCBs. Furthermore, by replacing the small circuit-boards and replacing the
burned-out fuses on the main PCB the test set-up can be made ready for another
experiment with different DUTs very quickly.

A total of four main boards were placed in parallel with a distance of 70 mm
between each board. Depending on whether bare chips on ceramic substrates or
discrete semiconductors in TO-247/T0-220 packages were tested the orientation
of the set-up in the beam line was adapted to ensure that the maximum cross-
sectional area of the chips was exposed to the beam. According to [57] irradiation
from the front of the devices is the worst-case orientation.

The experimental set-up had to be controlled remotely via Ethernet connections.
To enable this, a remote control solution for the used voltage sources was developed.
A software program that allowed the entire experiment to be controlled through
a single user interface was also developed. Using this program, the state of the
DUTs was continuously monitored and the voltage applied to the DUTs was

28



3.4. Methodology for SEB failure rate measurements

controlled. All measured values were also recorded in a log file for later analysis.
Additionally, safety shut-down features were implemented to protect the DUTs
by turning off the voltage supply in case too many devices fail in a very short
time. An overview of the experimental set-up is provided in Figure 3.10.

Control Room Beam Hall

Collimator

Experimental Meutron
set-up with up + F —
to 208 DUTe =D

Meafsuremer]t__.,
signals

/ -a— DC sy
PC with GUI W Datalogger ply
interface
for remote ’
control of
experiment \ HV-relay for

quick shut-down

valiage
Zowte

Datalogger -’

Figure 3.10.: Overview of experimental set-up.
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3. Cosmic radiation ruggedness of power semiconductor devices

3.4.3. Measurement procedure

Prior to starting the neutron flux through the DUTs the voltage applied to the
DUTs was set and the number of DUTs detected by the remote control system
as functional was recorded. A maximum neutron fluence () was selected in
the beam control system which would yield a test time of approximately 30 min.
The beam was then activated until either the previously set fluence limit was
reached or until 10 devices had failed. After turning off the beam the number of
remaining DUTs was recorded and the voltage applied to the DUTs was adjusted

for the next measuring point.

According to [9, p. 506] the estimate of the exponential distribution, which can
be used to describe a random failure mode, is given as

k

N = (3.2)

N

tit+(n—k)-ty

i=1

where k is the number of observed failures, n is the number of samples at the
start of the test, #; is the time of the i-th failure and t¢; is the time at which
the experiment is stopped. The total dosage of neutrons (in n/cm?) that passed
through the DUTSs from the time the experiment is started until its end is recorded
along with the number of DUTs at the start of the test and the number of failures.
The estimate of the failure rate was calculated using this information as

k

A= -
k25t +(n— k) tkeq

“10°FIT (3.3)

where n is the number of DUTs at the beginning of the irradiation, k is the
number of devices that failed during the irradiation and ¢ ¢, is the time it would
take under non-accelerated conditions for the recorded dosage of neutrons to pass
through the test set-up, which is calculated as

. neutron dosage neutron dosage (n/ch)
BT re foneutron flux 12.96 (n/em2h)

(3.4)

where the reference neutron flux of 12.96 n/cm?h corresponds to the flux at the
reference location (New York City) [46]. For each measurement the confidence
interval was computed for a confidence level of 95 % based on the number of
observed failures n according to the equations in [9, p.512]. The confidence
intervals are shown as error bars in the diagrams in the results section.
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3.5. Devices under test

3.5. Devices under test

A total of ten devices were tested for their SEB robustness. The tested devices are
listed in Table 3.1 along with their nominal voltage and the measured breakdown
voltage at room temperature.

Table 3.1.: Important metrics of the semiconductors tested in this study.
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3. Cosmic radiation ruggedness of power semiconductor devices

3.6. Experimental results

The failure rates obtained through measurements

are provided in the following

figures. To aid comparison between the different devices the failure rates were

normalised to the chip size.
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Figure 3.11.: Measured failure rates for 600 V semiconductor switches at sea level and
room temperature, normalised to chip area. (data previously shown: [38])
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Figure 3.12.: Measured failure rates for 1200 V semiconductor switches at sea level and
room temperature, normalised to chip area. (data previously shown: [38])
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The above results show that in the 600V as well as in the 1200V class the
robustness of the SiC devices is much higher than that of the tested Si transistors.
For the application this means that SiC-MOSFET-A can be operated at its rated
voltage of 650V without expecting failures. For SiC-MOSFET-B a very low
failure rate is to be expected at the rated voltages of 1200V and at 1000 V no
failures have to be expected.

To explore whether the reason of the increased robustness can be attributed to
the observed high breakdown voltages of the SiC devices the failure rates were
plotted again in Figure 3.13 with the horizontal axis rescaled to the ratio of the
applied voltage to the measured breakdown voltage of the devices.
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Figure 3.13.: Measured failure rates for 650 V and 1200 V semiconductor switches at sea
level and room temperature, normalised to chip area and actual breakdown
voltage of the devices. (data previously shown: [38])

The data in Figure 3.13 shows that the relative voltage at which the tested SiC
devices start showing the first failures is only slightly higher than for the robust
Si devices. Therefore, at least part of the robustness exhibited by the SiC devices
has to be attributed to the high breakdown voltages of these devices. Nevertheless,
the slope at which the failure rate for the SiC devices increases with higher voltage
is much shallower than in the case of Si devices, showing that the tested SiC
devices appear to be more robust, even when removing the advantage of the very
high breakdown voltage through the normalisation. This suggests, that from
the point of view of the SEB robustness less de-rating may be required for SiC
devices than for Si switches, even if the breakdown voltage is reduced by the
manufacturers in the future.
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3. Cosmic radiation ruggedness of power semiconductor devices

The measured failure rates for a 1700V Si IGBT and a SiC MOSFET of the same
voltage rating are shown in Figure 3.14.
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Figure 3.14.: Measured failure rates for 1700 V semiconductor switches at sea level and
room temperature, normalised to chip area. (data previously shown: [38])

The results show that both tested 1700 V devices start to show failures at around
1300V, but the failure rate increases faster for the Si device than for the SiC
device as the voltage is increased. In Figure 3.15 the results are plotted normalised
to the actual breakdown voltage of the devices.
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Figure 3.15.: Measured failure rates for 1700 V semiconductor switches at sea level and

room temperature, normalised to chip area and actual breakdown voltage
of the devices. (data previously shown: [38])

34



3.6. Experimental results

As can be seen from Figure 3.15 the SiC MOSFET starts to show failures at just
below 50 % of the blocking voltage. This is significantly different from the result
observed for the 650 V and 1200V SiC MOSETs (compare Figure 3.13 and Figure
3.15).

Use of the 1700V SiC device in a 2-level photovoltaic inverter specified for
a maximum open-circuit DC voltage of 1500 V appears to be possible, if the
operating time at high voltages is sufficiently low. The maximum expected failure
rate remains at less than 10 FIT /em? at 1500 V, which is two orders of magnitude
lower than the value for the tested Si IGBT. Hence, only very few failures will
occur in the application if the operating time at high voltages is low.

The results for the tested diodes are shown in Figure 3.16 and Figure 3.17.
Literature data from [52] for two state of the art silicon diodes is included in the
plots for comparison purposes.

NE | |
3 b4 X
= 104 : : -
X

& . i .
Py 10 ¢ SiC-Diode-A +—@——
Z 102 ; s LI ) L] e Si-Diode-A F—+—
o
s 10t : L3 $ : $ —  Si Diode 1200V [52] F—%——
g 100 - ; i -
E 10—1 | | | Ly

600 800 1000 1200 1400

DC Voltage / V

Figure 3.16.: Measured failure rates for 1200 V diodes at sea level and room temperature,
normalised to chip area. Failure rates for a standard Si diode from [52] is
shown for reference. (data previously shown: [38])

It can be seen that the SiC diode starts to show failures at a slightly higher
voltage than typical Si diodes and that the failure rate increases slower for the
SiC diode. Therefore, the SiC diode is more robust than the state of the art Si
diode it was compared with. The tested controlled axial lifetime (CAL) diodes
(Si-Diode-A and Si-Diode-B) are even more robust. Failures can only be observed
above 85 % of the nominal voltage for the 1700V type and no failures can be
observed for the 1200V device below its rated voltage.

In a final test the experimental set-up was placed in an insulated metal enclosure
as shown in Figure 3.18 and the inside temperature was adjusted to 100°C
before measurements were conducted on Si-IGBT-A. It has to be noted that the
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Figure 3.17.: Measured failure rates for 1700 V diodes at sea level and room temperature,
normalised to chip area. Failure rates for a standard Si diode from [52] is
shown for reference. (data previously shown: [38])

beam intensity measurement for this test was not recalibrated to account for the
shielding of the 3mm steel and approximately 40 mm of insulating foam that
made up the wall of the thermal chamber.

(a) Thermal chamber in beam line (b) View into thermal chamber

Figure 3.18.: Experimental set-up within a purpose built thermal chamber that was
used to heat the DUTs to 100 °C while placed in the beam-line.

In Figure 3.19 the measurement results for Si-IGBT-A are shown for room
temperature and the elevated temperature. It can be seen, that the failure rate
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3.6. Experimental results

at increased temperature is reduced significantly. This result agrees with the
information given in [30, 31]
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Figure 3.19.: Measured failure rates for Si-IGBT-A at room temperature and at 100 °C at
sea level, normalised to chip area (measurement at 100 °C not recalibrated
to account for shielding of thermal chamber).

To investigate the reason for the temperature dependency the failure rates is
plotted in the following figure with the voltage normalised to the measured
breakdown voltage at the different temperatures.
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Figure 3.20.: Measured failure rates for Si-IGBT-A at room temperature and at 100 °C
at sea level, normalised to chip area and normalised to the measured
breakdown voltage at the different temperatures (Voq @ room temp =
1361V, Viq @ 100°C = 1491V, measurement at 100 °C not recalibrated
to account for shielding of thermal chamber).
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3. Cosmic radiation ruggedness of power semiconductor devices

In the plot in Figure 3.20 it is no longer possible to determine a difference
between the failure rate measurements at the two temperatures. This supports
the conclusion that the increased robustness at 100 °C is a consequence of the
higher breakdown voltage of the device than at room temperature.

3.7. Comparison of results with data from literature

Since some of the tested devices have previously been tested at other facilities by
different researches it was possible to compare the measured results to the data
available from literature [50, 52].

The 1200V SiC diode that was tested in this study has already been evaluated
for robustness against SEB by Asai et.al. [50] at the Research Center for Nuclear
Physics (RCNP) in Japan, where a neutron source with a spectrum similar to
the terrestrial spectrum in the range of 5 to 300 MeV is available.

In [52] failure rates for 1200V and 1700 V CAL diodes are presented. The meas-
urements were conducted at the Paul-Scherrer-Institute in Villigen, Switzerland
using a mono-energetic proton beam with an energy of 200 MeV.

A comparison of the measurements conducted in this study with the data from
[50] and [52] is provided in Figure 3.21.
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Figure 3.21.: Measured failure rates for diodes compared to data from [50] and [52]
(comparison of data previously shown: [38])
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The comparison shows very good agreement between the measurements conducted
by Asai et.al. (SBD-R) and the measurements conducted on SiC-Diode-A during
the campaign at the TSL.

A slight disagreement between the measurements and the data of Scheuermann
and Schilling [52] can be observed for the 1700V CAL diode. In the investigation
presented here the first failures were observed at slightly higher voltages and
the failure rates observed at high voltages are higher than those measured by
Scheuermann and Schilling. For the 1200 V device a comparison of the results is
difficult to make, as only very few data points are available.

Overall, the comparison shows very similar results for the two different meas-
urements, but a small disagreement does exist, which can maybe be attributed
to the different types of particle beam used (i.e. mono-energetic protons with
200 MeV vs. wide spectrum neutrons of up to 150 MeV).

39



3. Cosmic radiation ruggedness of power semiconductor devices

3.8. Long-term experiment for result validation

To perform a validation of the experimental results of the accelerated measure-
ments a long-term test was set up in the lab. A constant DC voltage of 1100V
was applied to 26 samples of Si-IGBT-A and 70 samples of Si-IGBT-B that
were left over from the experiments conducted at the The-Svedberg-Laboratory.
The long-term experiment was performed between November 2015 and October
2016. The experiment was stopped a total of five times due to faults of the
test experiments and to allow for downtime during holiday periods. Overall, the
voltage was applied to the devices for 4572 h.

A total of six failures were observed for Si-IGBT-B and one of the samples of
Si-IGBT-A failed during the test time. The failures are distributed over time as
shown in the following table.

Table 3.2.: Observed failures during long-term experiment. Applied DC voltage: 1100V,
overall experiment duration: 4572.1 h.

failure time of i-th
number i failure t;
- - - 1 1617.2h
failure . tlm.e of i-th 9 192111
number i failure t;
3 2063.0 h
1 4406.4h
4 2862.4h
(a) Si-IGBT-A
5 4313.8h
6 4446.0h

(b) Si-IGBT-B

Based on the measurement results the failure rates were calculated using equa-
tion 3.2. The failure rates are plotted in Figure 3.22 to compare them with the
accelerated measurements conducted at the ANITA facility. The measurement
results of the accelerated measurement at 1100 V were discarded from the results
presented in previous sections of this chapter as the failures at these voltages
occurred very rapidly (10 failures in less than 60s) and as a result the DC voltage
applied to the DUTs was not stable. They are shown here only for comparison
with the long term measurement and should not be relied upon.
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Figure 3.22.: Comparison of failure rates observed failures during long-term experiment
and measurements at ANITA facility at Vpc = 1100 V. The measurement
data of the accelerated measurement was originally discarded because
failures occurred too fast for accurate measurement. Overall duration of
long-term measurement: 4572.1h.

Due to the limited number of observed failures in the long-term experiment for
Si-IGBT-A the comparison with the accelerated measurement run is of limited
value. However, the comparison for Si-IGBT-B is more valuable as a larger
number of failures were observed. The comparison shows that the long term
measurements agree with the accelerated measurements.

3.9. Conclusion

A measurement campaign to determine the robustness of ten power semicon-
ductor devices against single-event-burnout due to terrestrial cosmic radiation
was conducted at the ANITA facility of the The Svedberg Laboratory at Uppsala
University in Uppsala, Sweden.

The results show that the tested SiC MOSFETs in all three voltage classes
that were investigated (600, 1200 and 1700 V) are more robust than the tested
Si IGBTs and Si SJ MOSFETs. The increased robustness allows use of the 1200 V
SiC MOSFET in a photovoltaic inverter specified at a maximum voltage of 1000 V
without having to expect any failures due to SEB. Similarly, the tested 1700 V
SiC MOSFET can be operated in a 1500V system provided that the operating
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3. Cosmic radiation ruggedness of power semiconductor devices

hours at voltages above 1400V are limited and that the maximum expected
failure rate of 10 FIT /cm? at 1500V can be tolerated.

Additionally, the results show that the tested 1200V SiC Schottky diode is more
robust than state of the art silicon diodes (data from [52]). The measurements
have also shown that Semikron CAL diodes have even higher robustness against
SEB than the tested SiC device.

The results were further analysed to identify if part of the robustness of the SiC
devices is a consequence of the high breakdown voltage that these devices have in
relation to their nominal voltage. The analysis has confirmed that the robustness
of the SiC devices has to be attributed in part to the high breakdown voltages of
the tested SiC MOSFETs.

The analysis of the result for the 1700V SiC MOSFET shows a significant
difference to the SiC MOSFETs with 650 and 1200 V rating. If the failure rates
are normalised to the actual breakdown voltage of the devices it can be observed
that the 1700 V SiC MOSFET, which has a planar structure, starts to fail at
around 50 % of its breakdown voltage. The 650 and 1200V SiC MOSFETs, which
have a trench structure, start to fail at approximately 65% to 70% of their
breakdown voltage and the failure rate increases slower than for the tested Si
devices in the same voltage classes. This suggest that maybe the design of the
1700V SiC MOSFET is not optimised for SEB robustness. However, as the
breakdown voltage of this particular device is very high, the device remains robust
at normal operating voltages. More detail about the device designs would be
needed to explore the reasons for the difference in robustness, but it is interesting
to note that apparently the tested trench SiC MOSFETs are more robust in this
comparison than the tested planar SiC MOSFET.

It is expected that future SiC MOSFETs will be designed with less margin in
their breakdown-voltage to fully exploit the technological opportunities in terms
of on-state losses. As a consequence the robustness of future generations of
SiC MOSFETSs against cosmic radiation induced single event burnout may be
lower than of the devices that were available for this investigation. Therefore, it
is advisable to conduct measurements of the SEB failure rate once new device
generations are available.

The measurement of the failure rate of Si-IGBT-A at an elevated temperature of
100 °C has shown that the failure rate of state of the art silicon devices reduces
with increasing temperature, which is in agreement with data available in [30, 31].
Analysis of the measurement results has suggested that the increasing breakdown
voltage at higher temperature may be the reason for the observed increase in
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robustness as temperature was increased. However, more work is required to
validate this, as only one device type was measured at two temperatures in this
study and the measurement of the beam intensity was not recalibrated for the
shielding effect of the thermal enclosure for the measurement at 100 °C. For future
investigations it is also suggested to investigate the temperature dependency of
the failure rate due to SEB for SiC devices.

To enable more accurate predictions of the failure rate in an application it is
advisable to conduct future measurements at the chip temperatures that are
expected in the application. Otherwise, if failure rates are only measured at
temperatures significantly lower than in the application the failure rate predictions
based on such data may result in pessimistic failure rate estimations.

The accelerated measurement results for two DUTs were compared with results
obtained during a long-term measurement run. The long-term experiment confirms
the results that were obtained during the accelerated conditions.

Finally, the measurement results obtained for three devices were compared with
results recently published by other researchers. The comparison has shown very
good agreement with results obtained by Asai et.al. [50] at the neutron source at
RCNP which provides a spectrum similar to that available at the ANITA facility
at the The-Svedberg-Laboratory. Results of the measurements conducted by
Scheuerman and Schilling. [52] using mono-energetic protons instead of neutrons
with a wide spectrum of energies show some deviations but are otherwise very
similar to the results obtained during the experiments at the TSL.

Overall, the good agreement with results obtained by other researches and the
agreement between the measurements under accelerated and non-accelerated
conditions gives confidence that the methodology yields reproducible results.
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4. Lifetime and reliability of IGBT
modules in PV central inverters

4.1. Introduction

Power semiconductors are the central components of any power electronic converter
system. In large power converters such as the central inverters used in large scale
photovoltaic installations power semiconductors modules are commonly used.
The lifetime and reliability of these power semiconductor modules is affected by a
number of failure mechanisms as was shown in Chapter 2.

The objective of the investigation presented in this chapter is to determine whether
the power semiconductor modules in photovoltaic central inverters can withstand
the stresses in sunbelt regions for a lifetime of 25years and if an acceptable
failure rate can be expected. For that purpose the stresses applied to the power
semiconductor modules in photovoltaic inverters installed in sunbelt regions are
investigated.

This investigation is an extension of the author’s work that was done as part of
the research project GigaPV?!. Results of the investigation of the thermal stresses
carried out as part of the project GigaPV were previously presented in [61].
For the work shown in this chapter the simulation was extended to include the
photovoltaic system in order to be able to investigate effects of the system set-up
(size / type of photovoltaic generator). Also, changes were made to the look-up-
tables for the semiconductor losses and the way the fan-speed is adjusted in the
simulation was changed. Furthermore, the voltage stress on the semiconductors
is analysed in this work and compared to the measured voltage dependent failure
rates of typical semiconductors presented in Chapter 3. Results of the analysis of
the voltage stress on power semiconductors in PV central inverters were previously
presented in [62].

1 Joint research project funded by the German Federal Ministry of Education and Research
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In the first section of this chapter the simulation structure and the models
that were utilised to describe the behaviour of the different components of the
photovoltaic system are presented. Afterwards, the methodology that was used
to analyse the simulation outputs in order to estimate the lifetime and reliability
of the power semiconductors is shown. Finally, the scenarios investigated in this
study are introduced and the results are presented.

4.2. Photovoltaic system simulation

In order to quantify the stresses on the power semiconductor modules in a
photovoltaic central inverter it is necessary to derive a mission profile for the
inverter from climatic data and to infer the stresses on the semiconductor modules
from that mission profile. For that purpose a simulation was developed using
Matlab/Simulink. In this section the simulated system is introduced and details
of the models that were used in putting together the simulation are described.

4.2.1. Topology of the investigated photovoltaic system

The system topology of the photovoltaic power plant simulated in this investigation
is shown in Figure 4.1. It was assumed that a photovoltaic central inverter is
connected to one large photovoltaic generator. The low-voltage output of the
inverter is stepped up by a transformer to the medium-voltage range to enable
the interconnection to the public grid.

- = () =

&

o o]

String 1 String 2 String n Central Inverter Transformer MV Grid

Figure 4.1.: Overview of the photovoltaic system considered in this investigation.
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4.2. Photovoltaic system simulation

Photovoltaic generators for large scale photovoltaic power plants are comprised of
a large number of individual photovoltaic modules. The modules are connected in
series to form strings that reach the desired DC voltage. The strings are paralleled
to obtain the required power rating.

Typically, the string-length is chosen to ensure that the maximum open-circuit
output voltage of the photovoltaic generator reaches no more than 1000V for
the coldest expected conditions, which is the maximum tolerable input voltage
specified for many inverters. In the future, systems with maximum generator
voltages of 1500 V are expected to become the norm [63, 64], as the increase in
system voltage reduces the overall system cost. Inverters designed specifically for
1500V systems are available today [11, 65].

The output power of typical photovoltaic central inverters lies in the range of
1MW to 3MW. Multiple strings are combined in parallel to combine their output
current and thus match the power rating of the photovoltaic generator. For
system optimisation it is often desirable that the photovoltaic generator can be
sized for a nominal power of up to 50 % higher than that of the inverter.

4.2.2. Overview of photovoltaic system simulation

The components of the system shown in Figure 4.1 were modelled and the
individual models combined to create a single simulation of the entire system. A
top level overview of the simulation is presented in Figure 4.2.
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Figure 4.2.: Overview of the photovoltaic system simulation.
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The inputs to the simulation are the mission profile and the simulation settings.
The mission profile consists of the climatic conditions (i.e. solar irradiance, ambient
temperature) at the investigated location for a certain time period which typically
is one year with a time resolution in the range of 15s to 1 min. The simulation
settings relate to the set-up and size of photovoltaic generator (i.e. module tilt /
orientation, type of tracking, size-ratio) and are summarised in Table 4.1 along
with the possible values that the parameters may take. Additionally, the type of
inverter and photovoltaic modules are provided as inputs to enable parameters
for their models to be loaded from configuration files.

Table 4.1.: Parameters for simulation of photovoltaic system

Parameter Description Range of values

SR = Ppgei_t Size ratio of power of | 1.0 to 1.5
’ photovoltaic generator to
nominal inverter power

Typeiracking Type of photovoltaic gen- | fixed,

erator elevation-tracker,
azimuth-tracker,
2-axis-tracker

Ogen PV module azimuth 0 to 360°
Bgen PV module inclination 0 to 90°

Using these inputs and the data loaded for the inverter and photovoltaic modules
the simulation computes the number of photovoltaic modules that are connected
in series in each string, Ngs and the number of strings that are connected in
parallel, IV, to form the photovoltaic generator. The value for N, is found by
computing the open circuit voltage of the selected PV module type at the coldest
expected temperature.

For the purpose of this investigation the coldest value recorded for a given mission
profile is used as the worst-case temperature. The string-length is then fixed to the
maximum permissible value that does not violate the maximum DC open-circuit
voltage for a selected inverter. The number of strings connected in parallel is
computed by dividing the desired power of the photovoltaic generator by the total
power of each string.

Once all the configurations are loaded and the preliminary computations are
completed the simulation is started. In the following section details of the models
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used to determine the solar irradiation on the photovoltaic modules and their
temperature as well as the model used to describe their electrical behaviour
are provided. Afterwards, the behavioural model that was used to describe the
electrical behaviour of the inverter is discussed and details for the electro thermal
model used to determine the thermal stress on the semiconductors are provided.

4.2.3. Simulation of photovoltaic generator

The electrical behaviour of the photovoltaic generator depends primarily on
the solar irradiation on the photovoltaic modules as well as their temperature.
Therefore, it is necessary to compute the solar irradiance on the photovoltaic
panels and model their temperature. The methodology described by Quaschning
in [66, 67] was followed to estimate the irradiance on the photovoltaic modules.
Shading effects were neglected in this investigation as it was assumed that large
photovoltaic power plants are set-up to avoid shading issues.

Solar irradiance on horizontal surfaces

The total solar irradiance on a horizontal plane E¢ por is comprised of the direct
Egir hor and diffuse Eg;ff hor components:

EG,hor = Edir,hor + Ediff,hor (41)

In this study solar irradiance data already broken down into the direct and diffuse
components was used. If data that does not break down the solar irradiance
into direct and diffuse components is to be used with the simulation the indirect
component of the global irradiance can be determined using the following two
equations, reproduced by Quaschning [67, p. 100] from the work of Reindl,
Beckman and Duffie [68].

EG,ho’r

kp = ————
EO,hor C SN

(4.2)

EG hor - (1.020 — 0.254 - kp + 0.0123 - sinv,), k < 0.3
Egitfhor =3 Ecpor - (1400 — 1.749 - kp 4 0.177 - siny,), 0.3 < ky < 0.78
EG hor - (0.486 — 0.182 - siny,), k > 0.78
(4.3)
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The constant Eg jor is the solar constant which equates to 1367 W/m? [67, p. 99]
and -, is the sun elevation, as described in the following section.

Calculation of sun position and incidence angle

Photovoltaic modules are mounted at a certain inclination Bge, in order to
maximise the energy yield and allow dirt to be washed off by rainfall [67, pp.
100-101]. To be able to calculate the solar irradiance on a tilted photovoltaic
module from the solar irradiance on a horizontal plane the sun position and
the angle of incidence of the direct irradiance on the module surface need to be
known.

The sun position can be described by the sun azimuth o and the sun elevation
as illustrated in Figure 4.3 and depends on the geographical location as well as on
the date and time. For the purpose of this investigation the algorithm described
in DIN 5034 [69] was implemented to calculate the sun position.

Zenith

Figure 4.3.: Description of sun position according to DIN 5043 [69], also see [66, 67].

In Figure 4.4 the angles defining the module inclination B4¢, and the module
azimuth o, are illustrated. For this investigation the module azimuth is defined
as the direction that the active surface of the module faces. A south facing module
thus has an azimuth of ayge,, = 180°. This differs from the definition used in [66,
67], but was used here because the author considers this to be more intuitive.

From the module orientation and the sun elevation and azimuth the incidence
angle 0,4, between the normal of the photovoltaic module and the vector to the
sun can be calculated according to an equation given by Quaschning [67, p. 99]
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which was adapted to account for the different definition of the module azimuth
used in this investigation:

Ogen = arccos(cosys - sinfgen - €0S(ats — Qgen) + SINYs - €OSPgen) (4.4)

Agen E

Figure 4.4.: Photovoltaic module orientation. (see [67, p.98][66], agen defined differently)

Insolation on tilted photovoltaic module

The total solar irradiance on an inclined panel F¢g ger, is comprised of three parts,
the direct irradiance Egir gen, the diffuse irradiance Eg;ff gen and the irradiance
reflected from the ground in front of the panel Er¢fi gen [67, p. 101].

EG,gen = Edir,gen + Ediff,gen + Erefl,gen (45)

The direct irradiance on the tilted surface can be calculated using the incidence
angle 04, and the sun elevation v, [67, p. 101].

Ogen
Edir,gen = Edir,hor s max <0, C;Snf;l) (46)

The radiation reflected from the area in front of the panel can be expressed by

Erefl,gen = EG,hor CA- - (1 - Cosﬂgen) (47)

N —

where A is the Albedo coefficient, which expresses the reflectivity of the area
in front of the panel [67, p. 101]. Since Albedo coefficients for the investigated
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4. Lifetime and reliability of IGBT modules in PV central inverters

locations were not available a value of A = 0.2 was used, as suggested in [67, p.
102].

A number of models for the diffuse irradiation on an inclined surface exist. An
overview of different models is provided in [70] and [67, pp. 102-103]. For the
purpose of this study the Perez-model [71-73] in the version presented in [73]
and described by Quaschning in [66, 67] was used. The model incorporates the
anisotropic nature of the diffuse solar irradiance and is considered to be very
accurate [67, 70]. The equations and coefficients of the model that were used to
compute the diffuse irradiance are included in Appendix A.

Computation of tracking angles

Tracking systems for photovoltaic systems can be controlled in two ways as
described by Mértel [74]. One option is to calculate the elevation and/or azimuth
angle of the sun and point the photovoltaic modules in that direction to maximise
the direct irradiance on the modules. Alternatively, a closed loop control system
can vary the tracking angle in order to determine the azimuth and/or elevation
angle that results in the maximum energy harvest. Such a control system can
particularly be suitable in locations where significant cloud cover is to be expected
regularly [74].

For the purpose of this investigation the first method was used. The sun elevation
vs and azimuth «; calculated using the method described in DIN 5034 [69] were
used to determine the expected optimal module tilt and elevation angles.

This approach was selected to avoid the need for a closed loop controller or an
iterative approach to find the optimum module orientation at every step in time
to maximise the simulation speed. Also, the risk of introducing errors into the
simulation, e.g. if a controller or search algorithm incorrectly selects a local but
not global optimum, were avoided.

Model of thermal behaviour of photovoltaic modules

The temperature of a photovoltaic module has an influence on the voltage/current
characteristic of the module. Therefore, the actual temperature that is expected
in the application should be considered.

An approximated cell temperature can be obtained using the normal operating
cell temperature (NOCT) provided in the data-sheet of photovoltaic modules.
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4.2. Photovoltaic system simulation

The NOCT is defined as the temperature of the cells if the module is in open-
circuit condition, exposed to a solar irradiance of 800 Wm™2 and at an ambient
temperature of 20°C and a wind speed of 1ms™! [75]. The temperature of a
module in open-circuit condition can be calculated as

Tnoct — 20°

300 (4.8)

Trodute = Tamp + EG,gen '

where Eq gen is the irradiance on the module, 75, is the ambient temperature
and Tyocr is the normal operating cell temperature as given in the module
data-sheet [75]. In most cases the photovoltaic module is not operated in open-
circuit condition, but at the maximum power point (MPP). The above equation is
modified to account for the power extracted from the module to give the following
equation for the temperature while operating at the MPP [76].

TNOCT - 2000
800 - (1 + napp)

T’rnodule = dgmb + EG,gen . (49)

In this equation Fg gen is the irradiance on the module, Tg,,p is the ambient
temperature, Tnocr is the normal-operating-cell-temperature and ny;pp is the
module efficiency at the maximum power point [76].

The main limitation of using the NOCT to estimate the module temperature is
that the actual wind speed at a given location may be significantly different than
the 1ms~?! that the NOCT is defined at. In the literature different models for the
module temperature that take into consideration the wind speed are discussed
(e.g. [75, 77]). A balance of energy approach is usually used to compute the
temperature based on the energy absorbed from the sun, the energy converted to
electricity and the energy dissipated as heat to the environment. This approach
requires knowledge off the heat transfer coefficient between the photovoltaic
module and the surrounding air, which depends on the wind-speed as well as the
way of mounting the modules.

Measured photovoltaic module temperature data was not available for this in-
vestigation. Also, it was expected that the way in which modules are mounted
will have a significant influence on the heat transfer coefficient. It would not
have been possible to verify if the models suggested in the literature along with
the proposed heat transfer coefficients are applicable to the selected photovoltaic
modules and the most likely mounting solution. Therefore, it was decided to
compute the module temperature using the simple approximation based on the
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NOCT, even though the effect of changing wind speeds is not reflected in this
calculation.

For very similar reasons (i.e. the lack of models or data that a model could
be derived from) the thermal capacitance of the photovoltaic modules was also
neglected in this investigation.

Model of electrical behaviour of photovoltaic generator

The basic building block of any photovoltaic generator is an individual photovoltaic
module. Such a photovoltaic module in turn is made up of a number of photovoltaic
cells. Different electrical circuits as described by Quaschning [66, pp.190-195]
can be used to describe the behaviour of a photovoltaic cell with different levels
of detail. As photovoltaic modules consist of a series connection of cells these
models can also be used to describe the module behaviour.

Using circuit simulation tools a photovoltaic system can be modelled using an
equivalent circuit for the photovoltaic generator with appropriately selected values
for the components in the equivalent circuit model. However, such an electrical
simulation can lead to long simulation times. Also, a closed loop controller to
find the MPP of the photovoltaic generator needs to be implemented in such
a simulation. To speed up the simulation of the photovoltaic generator the
analytical description of a photovoltaic generator presented by Algahtani et.al.
[78] was used.

According to [78] the IV-characteristic of the PV generator is expressed as

I=1, (1 — Gy (e# - 1)) (4.10)

where C and Cs are expressed as follows:

Vinpp 1
Ch = —F—— (4.11)
In (1 I’:‘C”)
. I'mp —Vmpp
Co=(1- T e C1Voc (4.12)
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The short-circuit current I, the open-circuit voltage V,. and the maximum-
power point voltage V,,,, and current I,,,,, are expressed by Algahtani et.al. [78]
through the following equations, which depend on the module irradiance Eg, ger
and the number of photovoltaic modules in series, Ny, as well as the number of
strings connected in parallel, Np,,.

E
Lse(Eg,gen) = Npp - Lsc,ste g,gen (4.13)
stc

EG,gen

VOC(EG,gen) = Nss : Voc,stc + NSVTZOQ T (414)
stc
E en
ImPP(EG,gen) = Npp . Impp7stc g,z (415)
EG gen

Vmpp(EG,gen) = N - Vmpp,stc + NSVTZOQ ? (416)

stc

In addition to the irradiance the module performance is influenced by the tem-
perature. The temperature dependence is represented by Algahtani et. al. [78] in
the following equations

I5e(T) = Lse(Tote) + K1 - (T = Tite) (4.17)
Voo(T') = Voo (Tste) + Kv - (T — Tite) (4.18)
Lnpp(T) = Lnipp(Tste) + K1 - (T — Tare) (4.19)
Virwp(T) = Vinpp(Tste) + Kv - (T — Tote) (4.20)

The parameters to the above equations are summarised in Table 4.2. All the
information required can be readily obtained from photovoltaic module data-
sheets.

To illustrate that the analytical description reproduced above from [78] is suitable
for poly-silicon as well as mono-crystalline silicon PV modules a comparison of
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Table 4.2.: Constants and parameters for model of PV module

Variable Description ‘ Unit ‘
1 PV module terminal current A
Vv PV module terminal voltage A
Ise PV module short-circuit current A
Ve PV module open-circuit voltage AV
Veipp PV module MPP voltage \%
Lmpp PV module MPP current A
Vr thermal voltage constant mV
Ky Temperature coefficient of MPP voltage %
K Temperature coefficient of MPP current %
N Number of PV cells in module

Nss Number of PV modules per string

Npp Number of strings in parallel

the I'V-characteristic predicted by the model and the data provided in two module
data-sheets [79, 80] was done in Figure 4.5. The data extracted from the plots in
the data-sheets is shown as crosses and is in good agreement with the plotted
lines predicted by the model.
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2 600 W/m? £ 5.
3 2 600 W/m?2
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m
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100 Win? y % 100 Wim2
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L L L x k:' \“‘ ( L L L * AV A
\U 10 20 30 40 0 10 20 30 40
Module voltage / V Module voltage / V
(a) Solarworld SW 290 mono (b) Solarworld SW 260 poly

Figure 4.5.: Modelled IV-characteristic (lines) vs. points taken from IV-characteristics
in the data-sheets of the two PV modules [79, 80]. (Tmodute = 25 °C)
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4.2.4. Behavioural model of the photovoltaic inverter

In order to maximise energy yield from the photovoltaic generator the photovoltaic
inverter attempts to track the MPP of the generator. This is typically done by
an MPP tracker in the control system of the inverter. For the purpose of the
simulations the MPP is found using equations 4.16 and 4.15.

If the MPP of the photovoltaic generator lies within the operating range of the
inverter as illustrated in Figure 4.6 the computed MPP is assumed as the operating
point of the inverter. Otherwise, the operating voltage of the photovoltaic
generator is increased and the new output current is computed using equation 4.10.
This process is repeated until an operating point is found which lies within the
permissible operating range of the inverter.

IDC(mam)

VDC(min) VMPP(min) VMPP(maz) VDC’(maz)

(a) Input current limits

PDC(mam)

1
3 Ppc(maxz)

VDC(min) VMPP(min) VMPP(maz) VDC(maz)

(b) Input power limits

Figure 4.6.: Possible operating ranges for the inverter (similar illustration previously
published in [62]).
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If no permissible operating point can be found (e.g. if the irradiance is too low and
hence the open-circuit output voltage of the photovoltaic generator lies below the
minimum DC voltage of the inverter) the inverter is assumed to cease operating
in which case the input voltage to the inverter will be the open-circuit voltage of
the photovoltaic generator and the input current will be zero.
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4.2.5. Computation of semiconductor losses

In order to identify the temperature cycles at the semiconductors and at the
baseplate (case) of the used semiconductor modules thermal simulations need to
be carried out which consider the electrical losses of the semiconductors as well
as the performance of the cooling system. Such multi-domain simulations have
the tendency to take very long, as the smallest possible time-step in the electrical
simulation of a power electronic converter is determined by the frequency at which
the semiconductors are switched [81]. Full-resolution electro-thermal simulations
using mission profiles in the range of years are thus not feasible using full time
resolution.

To overcome this problem and yet enable coupling between the electrical and
thermal simulations (i.e. to represent the temperature dependency of the semi-
conductor losses) a simulation strategy similar to the work presented by Drofenik
et.al. [81] was employed. A large look up table (LUT) of the average semicon-
ductor losses that occur at different converter operating points and semiconductor
temperatures is generated. This look up table (LUT) is then used to obtain
temperature dependent transient losses during the thermal simulation.

To generate the LUT of the semiconductor losses the tool TopBench developed at
the EVS/KDEE by Néding [11] was used. This tool uses a database of measured
device characteristics to calculate the average semiconductor losses over a period
of the fundamental waveform (i.e. 20 ms in a 50 Hz grid-frequency inverter). The
conduction-losses are computed by modelling the device currents and multiplying
them with the measured collector-emitter voltage drop in the case of IGBTs and
the measured forward voltage in the case of diodes. To obtain the switching
losses the device current and commutation voltage for each switching event are
modelled. The switching energies are then obtained from a database created
based on loss-measurements for the desired semiconductor and summed over the
fundamental period to obtain the average losses. Details about the methodologies
used to calculate the losses can be found in [11].

A scripting interface to TopBench allows a look-up-table of the average semi-
conductor losses at a large number of converter operating points to be created
in very little time. Using a circuit simulation to obtain this data would require
much more time. The content of an exemplary LUT of the semiconductor losses
at a fixed chip temperature and AC voltage is shown for different DC operating
points in Figure 4.7. The actual LUT in the simulation contains this data also for
different AC voltages and chip temperatures which are not shown here for better
readability.
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Figure 4.7.: Exemplary look-up-table of semiconductor losses for a single IGBT module
(two are connected in parallel for each phase) with Vo = 360V, T; = 150 °C
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4.2.6. Thermal model of the power electronic stack

A thermal model of the power-electronic-modules and the cooling system is
required to estimate the temperature transients from the transient losses and
the varying ambient temperature. It is assumed that the three phase arms of
the investigated 2-level inverter (B6 topology) are built as three independent but
identical power stacks, which allows the model to be simplified to represent just
one phase arm.

In Figure 4.8 the structure of a Foster type thermal model that is used to model the
IGBT modules that make up one phase-arm of the converter is shown. The phase
arm consists of two IGBT modules on a common heat-sink and it is assumed that
the set-up is symmetrical and that the two IGBT modules can thus be modelled
by just modelling the four switches. It has to be noted that the Forster type
model is a mathematical representation of the thermal impedances and not a
physical representation of the heat flow.

The thermal coupling between neighbouring devices (the IGBT and the anti-
parallel diode chips are in close proximity) was neglected in this investigation,
because measurement data from which the thermal impedances between the
devices within the power module could have been extracted were not available.

P1,ssHS IGBT

;PR

H-LHY
Pj,ssHS Diode
AR B Bl i o
PjossLS IGBT 5
Pj,4sLS Diode g

Figure 4.8.: Structure of Foster type thermal model for one phase-arm of B6 inverter.

61



4. Lifetime and reliability of IGBT modules in PV central inverters

A set of twelve cooling curves measured on a power stack with two parallel half-
bridge IGBT modules was available for this investigation?. The datasets contain
the (maximum) temperature of one of the IGBT/diode chips in which losses were
generated by a large DC current in each module. Additionally, the temperature of
the NTCs inside each module, the surface temperature of the heat-sink at a point
between the two modules and the measured ambient temperature were included
in the datasets. The cooling curves in the dataset were recorded at six different
fan speed settings and with either the diodes or the IGBTs heated.

For the junction-to-case thermal impedances data-sheet values for the investigated
IGBT modules were used [82]. Using the known thermal impedance of the junction-
to-case the transient case temperatures were computed and a fitting process was
used to find the values for the case-to-ambient thermal impedance Z;,CA. The
latter impedance contains variable thermal resistances to account for the changing
speed of the cooling fan. Thermal capacitances were kept constant for all fan-
speeds to ensure energy conversation when changing the fan-speed setting in later
simulations. The parameters for the thermal model are summarised in Table B.1
in Appendix B.

The disadvantage of the Foster type thermal model shown above is that changes
in the ambient temperature are immediately seen across the entire model. Also,
the model structure is not a physical representation of the heat flow. However, it
is possible to convert a Foster type model into an equivalent Cauer type model
as is also done for example in [83, 84]. A method to carry out such a conversion
is described in [85]. The structure of a Cauer type model that can be used to
model the IGBT modules of one phase-arm of the converter considered in this
investigation is shown in Figure 4.9.

A Matlab script based on a script by Ufnalski [86] was used to carry out the
conversion of the models for the different fan speeds. Finally, the capacitances
were set to the average taken across the capacitances for fan speeds of 20 % to
100 % as they have to be maintained constant to conserve energy when the fan
speed is changed.

The parameters for the Cauer type thermal model are provided in Table B.2
in Appendix B. Also shown in Appendix B are the recorded cooling curves and
simulation results of step responses for both the Foster type and Cauer type
model. The Foster type model is in good agreement with the measured cooling
curves, which is expected as the model was fitted to these curves.

2The measured cooling curves were provided by a project partner within the project Giga-PV
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Figure 4.9.: Structure of Cauer type thermal model for one phase-arm of B6 inverter.

The Cauer type model is in relatively good agreement with the recorded cooling
curves for fan speeds of 20 % and above. The difference between the Foster and
Cauer models is a consequence of averaging the thermal capacitances in the Cauer
models of each fan speed after the conversion from the Foster to the Cauer model
to obtain a single model for the different fan speeds. This step is necessary to
ensure conservation of energy when the fan speed is varied.

As a result a difference not only between the Foster and Cauer models is observed,
but also between the Cauer model and the measured cooling curves. It would be
beneficial to directly fit the Cauer model to the cooling curve with the constraint
of constant thermal capacitances, as was done for the Foster model. However, this
fitting process is significantly more complex as no simple closed form description
of the Cauer network in the time domain is available. As discussed by Mérz and
Nance in [87] the cooling curves could be transformed to the Laplace domain to
carry out the curve fitting there. This approach was not tested here but could be
explored for future work.

The Cauer type model is used in the remainder of this investigation even though
there are some deviations between the cooling curves and the simulated step
responses due to the conversion step from the Foster to the Cauer model because
its structure is physically meaningful.
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For a number of investigated scenarios simulations were also performed using
the Foster model. The results of a comparison conducted on the results of the
simulations with the different thermal models is included in Appendix C. The
comparison has shown, that the main limitation of the Foster model is that
ambient temperature changes directly influence the predicted temperatures. This
is a consequence of the structure of the model and is another factor why the
Cauer model structure was finally selected for the further investigations in this
work.

In the application a closed-loop controller will typically be used to set the fan-
speed in order to maintain the heat-sink temperature at a certain level. In the
simulation the fan-speed is set by calculating first the required thermal resistance
Rip req from the known losses and the difference between the desired heat-sink
temperature T s+ and the ambient temperature Tg,,p as

Ths,set - Tamb

4.21
BOSS ( )

Rth,req =

The fan-speed is then obtained through a look-up-table that relates the cooling
system Ry to the fan-speed. This approach will not yield perfect results as the
thermal capacitance and hence the delay of the cooling system’s response to a
change in losses is neglected. However, the approach has the advantage that the
simulation without a closed-loop controller is very fast and stable.
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4.2. Photovoltaic system simulation

4.2.7. Simulation outputs

The output of the main simulation are transients of the computed quantities. In
post-processing scripts these transients are analysed to quantify the expected
stresses on the semiconductor modules.

Transient signals

Aside from configuration data which is constant over time the simulation uses
transient input data that is taken from the selected mission profile. The input
temperature and solar irradiance are shown in Figure 4.10 for an exemplary five
day period.
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Figure 4.10.: Exemplary simulation inputs (Kassel, days 135 to 139)

From the input transients intermediate data is generated when executing the
simulation. As examples the irradiance on the tilted photovoltaic modules and
their temperature are shown in Figure 4.11.

The irradiance conditions shown in Figure 4.11 are converted into a load profile for
the photovoltaic inverter. The resulting load profile (input current and voltage)
is shown in Figure 4.12.
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Figure 4.11.: Exemplary transient photovoltaic generator irradiance and module tem-
perature (Kassel, days 135 to 139, fixed tilt modules)
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Figure 4.12.: Exemplary inverter input transients (Kassel, days 135 to 139, size-ratio
1.5, fixed tilt modules)
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4.2. Photovoltaic system simulation

Finally, the semiconductor losses are calculated and applied to the thermal model.
The semiconductor losses (sum of losses for all four devices in one half-bridge
power electronic module) and the resulting temperatures of the high-side IGBT
and the module baseplate alongside the speed of the cooling fan are shown in
Figure 4.13.
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Figure 4.13.: Exemplary transients of semiconductor losses (total in one IGBT module),
temperatures of high-side IGBT and heat-sink and simulated fan speed
(Kassel, days 135 to 139, size-ratio 1.5, fixed tilt modules)
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Predicted temperature cycles

From the simulated transient temperatures the temperature cycles at the semi-
conductor chips and at the baseplate of the IGBT module are extracted using
the rainflow algorithm [88] as implemented by Nieslony [89]. Compared to other
methods of counting cycles the rainflow algorithm gives the lowest error and
ensures that the largest cycles are captured [90]. The cycles expected to occur
at the semiconductor chips as well as at the module baseplate are provided as
outputs of the simulation for later analysis.

In Figure 4.14 the temperature cycles predicted to occur at the baseplate of a
three-phase inverter during one year of operation in Kassel (Germany) with a
photovoltaic generator with fixed modules and a nominal power of 1.5 times the
rated power of the inverter are shown.
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Figure 4.14.: Simulated temperature cycles at the heat-sink of a central inverter operated
for one year in Kassel (Germany), size ratio = 1.5, fixed modules.
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4.2. Photovoltaic system simulation

The temperature cycles extracted from the simulated temperature transients at
the high-side IGBT during one year of operation in Kassel (Germany) with a
photovoltaic generator with fixed modules and a rated power of 1.5 times the
rated power of the inverter are shown in Figure 4.15.
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Figure 4.15.: Simulated temperature cycles at the high-side IGBT of a central inverter
operated for one year in Kassel (Germany), size ratio = 1.5, fixed modules.
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Predicted voltage stress

To analyse the voltage stress on the semiconductors a histogram of the operating
times at different DC-link voltages is created from the simulation output. An
example of such a histogram is provided in Figure 4.16. It shows the operating
hours at different DC voltages for an inverter in Kassel (Germany) over one year
for different configurations of photovoltaic generators (sizing ratio and tracking
type were varied) under the assumption that the inverter can always operate
without external constraints such as output power curtailment.
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Figure 4.16.: Predicted distribution of DC voltage over time for a photovoltaic inverter
in Kassel (Germany) with different types of photovoltaic generator.
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4.2. Photovoltaic system simulation

From the diagram it can be seen, that increasing the size-ratio between the
photovoltaic generator and the inverter increases the voltage stress. Additionally,
the diagram shows that the use of a tracker further increases the voltage stress.

4.2.8. Summary of simulation features

The simulation described in this section allows the temperature cycling and
voltage stresses on the IGBT modules in a photovoltaic inverter to be determined.
The simulation using a typical one-year long mission profile takes approximately
15 min.

By selecting different photovoltaic generator set-ups and mission profiles various
factors that may influence the stresses can be investigated. Additionally, it is
possible to change operating parameters of the inverter itself for example by
changing the maximum operating voltages or the permissible input current.

To investigate changes to the inverter’s hardware design (e.g. use of different
semiconductors / alternative cooling system) or the adoption of other modulation
strategies slightly more effort is required. Such changes require new look-up-tables
of semiconductor losses to be generated and new parameters for the thermal
model to be defined.

The simulation framework is modular and could be extended further to obtain
data to analyse the stresses on additional components in a photovoltaic central
inverter. For example, the stresses on the DC-link capacitors could be obtained if
a suitable model for their thermal behaviour was added to the simulation.
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4.3. Evaluation of stresses on power semiconductors

4.3.1. Estimation of lifetime limits due to cycling load

In section 2.4.1 the packaging related failure mechanisms of power electronic
modules were described. It was highlighted, that the main stress leading to
wear-out failures of the power electronic modules is temperature cycling stress. In
order to evaluate the expected lifetimes of power electronic modules the cycling
stresses in a given application need to be identified and related to the cycling
capability of the modules.

Manufacturers of IGBT modules provide cycling capability data for their products
that can be used to estimate the lifetime of the IGBT module based on the ex-
pected temperature cycles [25]. Such data contains lifetime curves that specify
the maximum number of cycles with a given temperature swing and mean tem-
perature Ny(AT,T,,) that a device can be exposed to before the capability limit
is reached.

The temperature cycles expected to occur at the semiconductor chips and at the
heat-sink were obtained from the simulation (compare Figure 4.14 and Figure 4.15
in Section 4.2.7). To relate the occurring cycling stress to the capability of the
power electronic modules the following equation was used.

N (AT, me)

N AT T -100% (4.22)

AT, Tmaz

In the equation N (AT, Tjq.) stands for the number of cycles with a given temper-
ature swing AT and maximum temperature T}, ., predicted by the simulation and
Ny (AT, Thna) stands for the permissible number of cycles at a given temperature
swing and maximum temperature.

The value of ¢ in the above equation represents the percentage of the cycling
capability that is expended as a consequence of applying a given mission profile. If
the value reaches ¢ = 100 % the module is considered to have reached its specified
cycling capability limit. This means that a mission profile that results in predicted
cycles that lead to a value of ¢ = 2% can be applied a maximum of 50 times
before the module’s cycling capability limit is reached.
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4.3.2. Estimation of single-event-burnout failure rate

The failure rate for cosmic radiation induced single-event-burnout depends on
the applied voltage and the local neutron flux rate as was shown in Chapter 3.
Since the DC voltage applied to the semiconductors varies over time the average
failure rate has to be computed by computing the failure rate for each point in
time A () and integrating over the entire duration of a mission profile.

1 t=tend 1 t=tend
A (t)dt = A(Upc (t)) dt (4.23)
tend tend
t=0 t=0

ASEB,NYC =

Instead of computing the failure rate for every data point the data for the
histogram of the operating time vs. DC-link voltage is used to compute the
average failure rate (see e.g. Figure 4.16). For each of the n bins of the histogram
the failure rate corresponding to the bin voltage Vpc[n] is computed and weighted
by the operating time as expressed in the following equation.

n

YA (Vpeli]) - T;

ASEB.NYC = — (4.24)

Once the average failure rate is computed using the above equation it needs to be
adjusted to the local terrestrial neutron flux at a given location. For that purpose
the acceleration factors for altitude F4 and location Fg were calculated according
to JESD89A [46] under the assumption of average solar activity. Finally, the
estimated failure rate at a given location is thus computed as follows.

> A(Vpeli) - Ti
AseB = Fa-Fp-AsgNnyc =Fa-Fp- =0 m (4.25)
> T;

=0
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4.4. Investigated scenarios

The simulation presented in the first section of this chapter was used to determine
the stresses on the semiconductor modules in a photovoltaic central inverter for a
total of 8 locations in the earth’s sunbelt and a reference location in central Europe.
The locations are highlighted in the map in Figure 4.173 and are also listed in
Table 4.3 together with the elevation of the relevant sites. For each location solar
irradiance data and temperature data for one year at a time resolution of 60s
was exported from Meteonorm 7.1 to conduct the simulations.

Figure 4.17.: Map showing the locations for PV installations investigated in this study.

For each location a photovoltaic system with a central inverter with a rated power
of 1000 kW was considered. The installed nominal power of the photovoltaic
generator was varied in two steps between 1000 kW and 1500 kW, which corres-
ponds to sizing ratios of between 1.0 and 1.5. Additionally, four different types
of photovoltaic generator set-ups were considered (fixed installation, single axis
tracker (azimuth), single axis tracker (elevation) and a two-axis tracker). This
leads to a total of 12 scenarios for each location.

3Made with Natural Earth. Free vector and raster map data @ naturalearthdata.com.
Plot created using reshaped data file and script by Hagen Wierstorf from http://www.
gnuplotting.org/plotting-the-world-revisited/ (last visited 19.03.2017)
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4.4. Investigated scenarios

Table 4.3.: Locations investigated in this study

Place Country / Region | Latitude | Longitude | Elevation
Kassel Germany 51.30°N 9.45°E 233 m
Golmud China 36.42°N 94.90°E 2809 m
Redmond U.S.A. (CA) 34.83°N 118.40°W 790 m
Charanka India 23.89°N 71.19°W 30m
Goa India 15.48°N 73.82°E 55 m
Calama Chile (Atacama) 22.50°S 68.90 °W 2312m
Abu Dhabi U.AE. 24.43°N 54.47°E 3m
Sainshand Mongolia (Gobi) 44.90°N 110.12°E 938 m
Bloemfontain | South Africa 29.10°S 26.30 °E 1351 m

The key specifications of the considered inverter are summarised in Table 4.4.
Above the maximum MPP voltage of 850 V the maximum power processed by
the inverter is reduced linearly until it reaches 50 % of the maximum power at
the open-circuit voltage.

Table 4.4.: Specifications of assumed photovoltaic central inverter.

Ppc(maz) 1000 kW
VDO (min) 530V
VMPP 645 to 850V
VDo (maz) 1000 V
IDC(maz) 1550 A
VA (nom) 360V

(0]
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4.5. Results

4.5.1. Temperature cycling stress on IGBT modules

To evaluate the expected lifetime of the IGBT power modules the temperature
cycles occurring at the semiconductor chips as well as the temperature cycles
at the module baseplate were compared to the cycling capability data of the
modules?.

Temperature cycles at heat-sink

In Fig 4.18 the damage factor predicted for a one-year mission profile at each
of the investigated locations is shown. In this figure data for different sizes of
photovoltaic generator is shown. In this case fixed modules were assumed.
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Figure 4.18.: Damage factors for operation of IGBT module in a PV central inverter
with a fixed PV generator, one-year mission profiles. Teqse-cycles applied
to thermal cycling capability data.

In Fig 4.19 the predicted damage factors for different photovoltaic generator types
are shown. In this case the size of the photovoltaic generator was fixed at 1.5
times the rated inverter power.

4Cycling capability provided by the module manufacturer was used. The data was extrapolated
where necessary.
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Figure 4.19.: Damage factors for operation of IGBT module in a PV central inverter
with a different types of PV generators, fixed size-ratio of 1.5, one-year
mission profiles. Teqse-cycles applied to thermal cycling capability data.

From Fig. 4.18 and Fig. 4.19 it can be seen, that increasing the size-ratio between
the nominal power of the photovoltaic generator and the inverter increases the
temperature cycling stress on the IGBT modules in all locations. Also, it can be
seen that systems with trackers result in slightly higher damage factors.

The results show that in Golmud (China), Sainshand (Mongolia) and Kassel
(Germany) the highest temperature cycling stresses are predicted. Each day the
heat-sink temperature is allowed to rise to a fixed set-point of e.g. 80 °C by the
cooling control system. During the night the system cools down as no losses occur
in the semiconductors while the inverter is shut down. The locations in which the
highest temperature cycling stress is observed are characterised by relatively low
average ambient temperatures. As a consequence of the low ambient temperatures
the heat-sink cools down further than in other locations and therefore the daily
temperature cycle is particularly large in these locations.

Overall, it can be seen that the damage factors for all investigated locations
remain below 2.5 % even if tracking systems are combined with large size-ratios
between photovoltaic generators and inverters. While the damage mechanisms
is clearly relevant and needs to be taken into consideration when designing the
inverter the results show that the desired operating periods in the range of 25 years
or more can be achieved. The results also show that most locations will permit
significantly longer lifetimes.
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4. Lifetime and reliability of IGBT modules in PV central inverters

Temperature cycles at semiconductor chip

In the following two diagrams the cycling stress at the semiconductor chips is
shown. Again the size ratio between inverter and photovoltaic generator was
varied (Figure 4.20) as well as the type of generator set-up (Figure 4.21).
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Figure 4.20.: Damage factors due to temperature cycles at high-side IGBT chip. Fixed
PV generator, variable size-ratio, one-year mission profile. T} vs—rgBr-
cycles applied to power cycling capability data.
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Figure 4.21.: Damage factors due to temperature cycles at high-side IGBT chip. Different
types of PV generator trackers, fixed size-ratio of 1.5, one-year mission
profile. T} ms—rapr-cycles applied to power cycling capability data.

The results shown in Figure 4.20 and Figure 4.21 show that for all considered
locations and generator set-ups the damage factor remains significantly below
1%. Therefore, power cycling at the semiconductor chips appears not to limit the
lifetime of the semiconductor modules in the application of PV central inverters.
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4.5.2. Semiconductor failure rate due to cosmic radiation

The semiconductors that were used to simulate the inverter in this chapter were
not included in the measurement campaign to determine their robustness against
cosmic radiation induced SEB (see Chapter 3). Therefore, data for Si-IGBT-A
was used and scaled to the chip area of the IGBTs in the power electronic module
considered in this study. Likewise, data for a typical Si diode from [52] was scaled
to the chip area of the diode in the power electronic module.

What failure rate due to cosmic radiation induced SEB is tolerable is a design
criteria that needs to be set by the system manufacturer. One approach for
finding the tolerable level may be to decide that the failure of a certain percentage
of systems during the expected lifetime can be tolerated. A possible criterion
could be that no more than 2% of inverters of a given type should fail within
25 years due to cosmic radiation induced SEB. In that case, a maximum failure
rate of 92 FIT could be considered tolerable.

Failure rates under optimal inverter operating conditions

In the following two figures the expected failure rate due to cosmic induced SEB
is shown for the investigated locations. It was assumed that the inverter can
operate without external constraints.
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Figure 4.22.: Failure rate due to single-event-burnout. Fixed PV generator, varying
size-ratio, one-year mission profile.
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The results in Figure 4.22 show that if a fixed tilt PV generator is assumed
relevant failure rates are only expected if the photovoltaic generators has a much
larger rated power than the inverter. This is in agreement with expectations,
as increasing the generator size leads to the occurrence of situations where the
available power from the photovoltaic generator exceeds the power processing
capability of the inverter. As a consequence the inverter limits the input current
and the output voltage of the photovoltaic generator rises.

In the following figures the expected failure rates if trackers are used on photovol-
taic generator with a size-ratio of 1.00, 1.25 and 1.50 are shown.
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Figure 4.23.: Failure rate due to single-event-burnout. Different types of PV generator,
fixed size-ratio of 1.00, one-year mission profile.
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Figure 4.24.: Failure rate due to single-event-burnout. Different types of PV generator,
fixed size-ratio of 1.25, one-year mission profile.
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Figure 4.25.: Failure rate due to single-event-burnout. Different types of PV generator,
fixed size-ratio of 1.5, one-year mission profile.

As expected, the failure rate due to cosmic radiation induced SEB increases
if tracking systems are used in combination with photovoltaic generators with
size-ratios of 1.25 or even 1.50. The inverter in these cases will have to operate
above the MPP voltage very often to reduce the power from the photovoltaic
generator to a level that the it can handle and thus sustain significantly higher
voltage stresses. If trackers are combined with over-rated photovoltaic generators
the acceptable failure rate is exceeded in may cases.

Failure rates under the assumption of significant output power curtailment

So far it was assumed that the inverter can always operate without external
constraints. It has to be expected that in the real application the inverter will be
required to operate with reduced active power output for certain periods. These
could be situations where large amounts of reactive power need to be provided or
periods during which the output power is restricted by the electricity network
operator (output power curtailment). In either case the voltage stress increases.
It was previously shown in [62] that the increased voltage stress due to output
power curtailments significantly increases the failure rate due to SEB.

If it is assumed that the output power of a system with a size-ratio of 1.50 and a
fixed tilt photovoltaic generator is curtailed as indicated in Table 4.5 the failure
rates due to cosmic radiation induced single event burnout increase as shown
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in Figure 4.26. As it is not possible to accurately estimate the expected level
of curtailment for a given PV installation the values in Table 4.5 have to be
understood as exemplary, as already discussed in [62].

Table 4.5.: Assumed (exemplary) curtailment levels to illustrate effect. (Previously
shown in [62])

level of curtailment frequency of occurrence
(permitted output
power)
no restriction 19h / 24h
60 % of Prax 4h / 24h
30% of Pax 30min / 24h
10% of Ppaz 15min / 24h
cease operating 15min / 24h
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Figure 4.26.: Failure rate due to single-event-burnout. Fixed tilt PV generator, fixed

size-ratio of 1.5, one-year mission profile, assumed curtailment as per
Table 4.5.

The results show that whereas operation of a 1000 V inverter under ideal operating
conditions may be possible with 1200V semi-conductors the conditions that are
to be expected in the application will likely lead to problematic failure rates. As a
consequence 1700V devices may need to be used in inverters for 1000V systems.
This would increase semiconductor losses but would help to avoid failures due to
cosmic radiation. Alternatively, multi-level topologies can be used. However, these
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also have certain disadvantages such as increased complexity and possibly higher
cost and losses. Other alternatives could be the use of more robust semiconductor
devices. As was shown in chapter 3, the tested SiC MOSETs are very robust and
could be used in place of the Si IGBT. Also, SiC diodes or Si CAL diodes are
more robust to cosmic radiation than the diode whose data was used to compute
the expected failure rates in this investigation.

Each approach has certain consequences and a design decision has to be made.
At this point the only definite conclusion that can be drawn is that it is essential
to have accurate knowledge of the cosmic radiation robustness of the power
semiconductor devices and of the stresses expected in the application to evaluate
if a certain device can meet the requirements. The first point can be addressed by
performing measurements such as those described in Chapter 3 or by obtaining
data from semiconductor manufacturers. The latter point can be addressed by
performing simulations similar to those described in this chapter. To ensure the
accuracy of the voltage stress profile obtained from such a simulation it is essential
to make sure that the climatic profiles are selected appropriately and that any
factors that may influence the voltage stress (e.g reactive power provision or
output power curtailments) are taken into consideration.

4.6. Conclusion

A simulation based on Matlab/Simulink that allows the stresses on photovoltaic
central inverters to be investigated was developed. The simulation models the
behaviour of the photovoltaic system to obtain mission profiles for the inverter
and in particular the power semiconductors within the inverter from a system
mission profile consisting of environmental data.

Using the developed simulation and a set of year-long mission profiles for a total of
eight sun-belt locations as well as a reference location in Germany stresses on the
power semiconductors in a typical photovoltaic central inverter were investigated.
In particular, the temperature cycling stresses as well as the voltage stress on the
devices were considered.

The investigation has shown that the thermal cycling stress at the module
baseplate (case) will reach the specified limit only after a time of approximately 40
years even in the most critical locations. The most critical locations were identified
as those regions with low ambient temperatures and high solar irradiance. In those
locations the power electronic modules are exposed to large daily temperature
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cycles which lead to a high thermal cycling load. While the predicted stresses
allow operational times of up to 25 years even in challenging locations it would
be beneficial to reduce this stress. Methods to do so will be investigated in the
next chapter.

The results of the simulations suggest that the power cycling stress on the
semiconductors in photovoltaic central inverters is not lifetime critical. However,
it has to be noted that the simulation does not capture temperature cycles
that occur at the semiconductors due to the output current pulsation within
the fundamental period of the output current waveform (i.e. 20ms for a 50 Hz
system).

Finally, it was shown that the failure rate expected due to cosmic radiation
induced single-event-burnout can exceed tolerable limits if 1200 V semiconductors
are used in a 1000V inverter and effects such as output power curtailment and /
or over-sizing of the photovoltaic generator occur. To overcome these problems
semiconductors of a higher voltage class or more complex multi-level topologies
can be used. Alternatively, devices that are more robust against cosmic radiation
induced SEB may be promising alternatives. Either way, it has become clear
that it is essential to have accurate knowledge of the cosmic radiation robustness
of the power semiconductor devices and of the stresses expected for the system
to estimate the failure rate and to decide if the requirements can be met by a
certain type of device in a specific converter topology.
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5. Cooling system control strategy
to reduce temperature cycling

5.1. Introduction

The investigation in the previous chapter has shown that the main cycling stress
on the power semiconductor modules is caused by large daily temperature cycles
between the maximum heat-sink / case temperature during the day and the
minimal temperature at night. In this chapter alternative ways to control the
cooling system in order to reduce these daily temperature cycles are investigated.
The effectiveness in reducing the temperature cycling stress as well as the influence
on the average heat-sink temperature and the extra demand in power for the
cooling system of the alternative control strategies are analysed.

The methods to improve the control of the cooling system for photovoltaic
central inverters were developed within the project GigaPV'. The methods
were previously evaluated in a paper on the investigation of temperature stress
on the power semiconductor modules in photovoltaic central inverters [61]. In
addition, patent applications concerning these methods were filed [91, 92]. Here,
the methods are again described and evaluated using the extended simulation
described in Chapter 4.

1 Joint research project funded by the German Federal Ministry of Education and Research
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5. Cooling system control strategy to reduce temperature cycling

5.2. Approach to optimise cooling system control

The cooling system of a typical photovoltaic central inverter is comprised of
one or more aluminium heat-sinks onto which the power electronic modules are
mounted and which are cooled using forced air-convection. The intensity of the
forced air cooling can be varied by changing the fan speed. The cooling system
is dimensioned to ensure that at high ambient temperatures (e.g. 50°C) the
heat-sink temperature can be maintained at acceptable levels while the converter
operates at nominal power. As a result, the cooling system is not operated at full
power if the ambient temperature remains below the maximum specified ambient
temperature.

Typically, the cooling system is controlled in order to maintain the heat-sink
at a fixed pre-set temperature and to reduce the cooling power if the ambient
temperature is below the specified maximum temperature or if the inverter is
only partially loaded and the losses in the semiconductors remain below the
maximum level. This control strategy has the advantage that only the minimal
amount of power is used for the cooling fan at any time but as a consequence the
pre-set heat-sink temperature (e.g. 80 °C or 90 °C) is reached even on cold days
with little solar irradiance which leads to large temperature cycles for the power
semiconductor modules.

Two alternative methods to define the set-point of the cooling system control in
order to avoid large temperature cycles on days with low solar irradiance and/or
low ambient temperatures were considered.
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5.2. Approach to optimise cooling system control

5.2.1. Option A: Incremental set-point adjustment

For this approach the initial set-point for the cooling system control is set to a
value just above the ambient temperature each time the inverter system starts
operating. The set-point is then increased incrementally if the control system
notices, that the cooling system is fully utilised for a certain period of time.

The simulation results in Figure 5.1 illustrate the strengths and weaknesses of
this method. It can be seen that on days with low solar irradiance and hence
low losses in the power semiconductors the size of the daily temperature cycle
is reduced significantly. On days with high solar irradiance the size of the daily
temperature cycle can not be reduced significantly since larger losses are dissipated
in the power semiconductors. This shows the main disadvantage of this method.
On days with large solar irradiance the incremental increase of the set-point in
the first half of the day results in an unnecessary use of energy for the cooling
system.
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Figure 5.1.: Simulation with incremental set-point adjustment. Red: Control with fixed
set-point, Blue: Control with incremental set-point adjustment. Size-ratio
1.5, Kassel, fixed module installation.
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5. Cooling system control strategy to reduce temperature cycling

5.2.2. Option B: Use of prognosis to determine daily set-point

This second approach can be seen as an extension of the previously discussed
incremental set-point adjustment strategy. In order to avoid using large amounts
of energy for the cooling system during the first half of the day an initial cooling
system set-point temperature can be determined from a prognosis of the expected
daily peak energy available from the PV generator. From the prognosis the
expected peak losses of the inverter can be estimated and an initial cooling
system set-point temperature that is a good compromise between cooling system
utilisation and heat-sink temperature can be determined. If the selected initial
set-point turns out to be too low and the cooling system is constantly heavily
utilised the set-point is incremented as discussed for Option A.
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Figure 5.2.: Simulation with incremental set-point adjustment and use of prognosis data
for daily initial set-point estimation. Red: Control with fixed set-point,
Blue: Control with incremental set-point adjustment. Size-ratio 1.5, Kassel,
fixed module installation.

In Figure 5.2 simulation results that make use of this method are shown. To

obtain a prognosis for this simulation an initial simulation was run to determine
the peak PV power for each day of the simulated time frame. In the application it

88



5.3. Comparison of cooling system control strategies

is expected that prognosis data for large photovoltaic power systems is available
that could be used.

The simulation results in Figure 5.2 show that this approach avoids slowly ramping
up the heat-sink temperature set-point during the first half of days with large
solar irradiance but still succeeds in reducing the daily temperature cycle for
days with low solar irradiance. This method is therefore preferable over Option
A, as it provides a reduction of the temperature cycling stress at a minimum of
additional energy use.

5.3. Comparison of cooling system control strategies

In the simulation used to investigate the stresses on the semiconductors in
photovoltaic central inverters (see Chapter 4) the standard approach was followed
and a fixed set-point for the cooling system control of 80 °C was used. As was
shown this results in the largest thermal cycling stresses in locations with the
lowest ambient temperatures.

The effect of using the two alternative strategies to determine the set-point for
the cooling system control proposed above on the temperature cycling stress as
well as the average stack temperature and the energy use for the cooling system is
investigated. For that purpose the simulations that were described in Chapter 4
for the nine locations were repeated with both proposed strategies of determining
the cooling system set-point.
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5. Cooling system control strategy to reduce temperature cycling

5.3.1. Temperature cycling stress

In Figure 5.3 the temperature cycles occurring for the mission profile for Kassel
with a photovoltaic generator with fixed modules and a size-ratio of 1.5 are

shown.
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Figure 5.3.: Distribution of temperature cycles for different strategies of selecting the
cooling system set-point. Mission Profile: Kassel, PV generator with fixed

modules, size-ratio 1.5.

As can be seen the number of cycles larger than 70 K is reduced and more cycles
are present in the range of 45 to 55 K if either of the two strategies described
above is used. In the diagram in Figure 5.4 the contribution of the cycles with
different amplitude to the damage factor is shown.
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Figure 5.4.: Contribution of temperature cycles to the temperature cycling damage factor

for different strategies of selecting the cooling system set-point. Mission
Profile: Kassel, PV generator with fixed modules, size-ratio 1.5.
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5.3. Comparison of cooling system control strategies

The distribution of damage factor contribution across the temperature swing
shown in Figure 5.4 illustrates that the reduction in large temperature cycles
leads to a significant reduction in damage factor because the large temperature
variations are much more damaging for the module.

The effect on the overall damage factor due to temperature cycling is shown in
Figure 5.5 for the locations investigated in Chapter 4. As can be seen the stress in
the predicted damage factor reduces significantly in the locations that previously
showed the highest values for the damage factor. Both methods are therefore
suitable to reduce the stress due to temperature cycling in the regions with the
highest stress.
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Figure 5.5.: Thermal cycling damage factors for the studied locations using different
cooling system control strategies. A photovoltaic generator with size-ratio
1.5 and fixed installation of modules is assumed.
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5. Cooling system control strategy to reduce temperature cycling

5.3.2. Average stack temperature

In Figure 5.6 the distribution of operating hours over the heat-sink temperature
is shown. It can be seen that the adaptive control methods lead to less operating
time at high temperatures (> 70 K). This is beneficial for all components that are
exposed to the heat-sink temperature (e.g. the gate-drive subsystem), as many
failure mechanisms are accelerated by temperature.
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Figure 5.6.: Heat-sink temperature distribution for different cooling system control
strategies. Mission profile: Kassel, fixed tilt PV generator, size-ratio 1.5.

The average temperature of the stack in the example shown above decreases by
around 6 °C if Option A is used instead of the standard approach. Due to the
exponential nature of the Arrhenius equation, which is frequently used to model
the temperature dependency of failure mechanisms, even this small reduction
in average temperature can lead to a significant reduction in the failure rate of
components that are exposed to the stack temperature.
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5.3. Comparison of cooling system control strategies

5.3.3. Energy utilisation for cooling system

To estimate the additional energy used by the cooling system if the proposed
control strategies are adopted a histogram of the operating time at different
fan-speed settings, as shown in Figure 5.7, was created for every location.
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Figure 5.7.: Distribution of operating hours over fan-speed. Mission profile: Kassel, PV
generator with fixed modules, size-ratio 1.5.

Using the data in the histogram and information about the power requirement
of the cooling fan at different fan-speed settings the overall energy utilised for
the cooling system can be estimated. In Figure 5.8 the increase in cooling energy
over a one-year mission profile for each location is shown.
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Figure 5.8.: Additional cooling energy required for different cooling system control
strategies in the various locations. Compared to default solution. PV
generator with fixed modules, size-ratio 1.5.

The results show, that Option B uses significantly less additional energy than
Option A in all investigated locations.
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5. Cooling system control strategy to reduce temperature cycling

5.4. Conclusion

Two alternative methods that can be used to adjust the heat-sink temperature
set-point of the cooling system controller for photovoltaic inverters were presented.
Instead of using a fixed set-point for the heat-sink temperature during all periods of
inverter operation these methods adjust the heat-sink temperature set-point during
each day to minimise the daily temperature cycles that the power semiconductor
modules are exposed to.

It was shown, that both methods are effective in reducing the temperature cycling
stress on the power semiconductors. Additionally, the average temperature of the
heat-sink on which the power semiconductor modules are mounted is reduced,
which is a further benefit to reliability, as most components’ failure rates increase
with temperature.

Furthermore, it was shown that the suggested ’Option B’, which makes use of
prognosis data to find the initial daily set-point, uses very little additional cooling
system energy. Implementing this option in large photovoltaic inverters therefore
comes at very little additional cost, as it can be assumed that prognosis data will
be available for large photovoltaic installations.
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6. On-line temperature
measurement of IGBTs

6.1. Introduction

Condition monitoring can help to avoid expensive downtimes and reduce the cost
of unscheduled maintenance. Information about the state of health of critical
components can be used to schedule maintenance before a fault occurs. Such
information is particularly useful if energy conversion systems are deployed in
inaccessible regions far away from the next support centre or if downtimes may
cause high costs e.g. in the case of faults in the energy distribution system.

In power electronic converters there are many components that undergo ageing
and that can be monitored. Examples for components that may age are the IGBT
modules and energy storage capacitors in the DC link. In this chapter the focus
is on temperature monitoring of the IGBTs.

In this chapter a brief comparison of temperature sensitive electrical parameters
(TSEPs) of IGBTs regarding their suitability for use in an on-line temperature
measurement system is provided. The implementation of a basic IGBT gate-driver
circuit that enables on-line temperature monitoring by measuring the turn-off
delay is then shown. The functionality of the implemented gate-drive circuit is
demonstrated in a scaled laboratory set-up of a three-phase inverter.

The implemented turn-off delay measurement circuit described in this chapter as
well as the measurements performed using this circuit in a laboratory set-up of a
three-phase inverter were already presented in [93].

The work presented in this chapter was performed as part of the research project
GigaPV'. As a starting point for the work presented in this chapter information
from an internal project that focused on indirect temperature sensing of chip
temperatures of SiC devices including a comparison of TSEPs was available [94].

1Joint research project funded by the German Federal Ministry of Education and Research
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6. On-line temperature measurement of IGBTs

6.2. Methods to measure IGBT temperatures

Several methods can be used to measure the temperature of semiconductor chips.
As discussed by Blackburn in [95] these approaches can be grouped as electrical,
optical or physical contact methods.

An example for a method that relies on physical contacting is the attachment of
temperature sensors such as thermocouples to the semiconductor chip. While
good spatial resolution is achievable if very small sensors are used [95] the main
disadvantage is that the probes have to be attached to the device surface. Standard
IGBT modules do not contain such sensors and hence this approach would require
the modification of IGBT modules which is not desirable. Also, temperature
variations during the output waveform period can not be resolved due to the
time constant of the sensors as was shown in [96] for the example of K-type
thermocouples and also mentioned in [95]. Finally, issues with the electrical signal
isolation need to be addressed if sensors are placed in close proximity to the power
semiconductors. The use of thermocouples is therefore not suitable for continuous
monitoring of chip temperatures in a power converter.

Infra-red thermography is an example for the optical methods suggested in [95].
This method has the advantage of providing high spatial resolution and allowing
fast temperature transients to be measured. However, chip temperatures of IGBT
modules can be measured using infra-red thermography only if the modules are
opened, the isolating silicone gel is removed and a suitable surface coating is
applied to obtain a good emissivity. While this is a viable method for validation
of thermal models in the lab the price of infra-red thermography systems and the
requirement to have a clear line of sight to the semiconductor chips rules out this
option for implementation as part of a condition monitoring system.

Since both optical and physical methods are unsuitable for the temperature
measurement of IGBTs in standard power modules an electrical method that
helps to indirectly determine the chip temperature by measuring readily accessible
TSEPs needs to be found. While electrical methods based on TSEPs can be
applied without making modifications to the semiconductor in their packaging
the main disadvantage is that they only provide a single 'lumped’ value for the
measured temperature while there may be a spatial temperature distribution that
can not be determined through these electrical methods [95]. Also see [97] for
information on the relationship between the single temperature obtained from an
electrical measurement (of Vop(T) at a small sense current in this case) and the
temperature distribution on the chip.
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6.3. Temperature sensitive electrical parameters of power semiconductors

6.3. Temperature sensitive electrical parameters of
power semiconductors

In this section a number of the TSEPs that are discussed in literature [94-110)]
are briefly compared to assess their suitability for use in an on-line temperature
monitoring system.

An ideal TSEP for use during converter operation should provide a high tem-
perature sensitivity to allow an acceptable temperature resolution in the range
of e.g. 1K to be reached without requiring an excessively high measurement
resolution. Additionally, it is desirable that the TSEP has a linear temperature
dependency and that the sensitivity and absolute value are comparable between
devices of the same type to minimise the calibration effort. Furthermore, it is
beneficial if few additional parameters that vary during converter operation (e.g.
Vee, I.) influence the TSEP. This is particularly important if these parameters
are not already known to the control system typically implemented in a power
converter. Finally, it is essential that the TSEP itself can actually be measured
without making major modifications to the power converter and without needing
to change the way that the power converter is operated.

6.3.1. Collector-emitter saturation voltage

One TSEP of IGBTs that is very frequently discussed in literature [98, 101, 104,
105] is the forward voltage across the device. This TSEP is often used with a
small measurement current to characterise the thermal performance or to perform
lifetime tests on power semiconductors in the lab [104, 105].

The temperature dependency of the forward voltage can be considered to be linear,
if a suitable value for the small measurement current applied to the IGBT is
selected. Measurements were conducted on a state of the art IGBT and the results
plotted in Figure 6.1 confirm the linearity of this TSEP. The observed sensitivity
lies in the range of —1.4 to —2.4mV K~! depending on the sense current.

While using a small measurement current is a viable option when characterising a
power module (e.g. to measure cooling curves to determine thermal impedances)
it is not feasible to apply a small sense current to a device in the on-state during
converter operation.

If the forward voltage is to be used as a TSEP during converter operation it will
have to be measured while the load current is applied to the device. As can be
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seen from Figure 6.2 the sensitivity of the forward voltage to temperature changes
as the load current is varied. For small currents a negative temperature coefficient
is expected while for large currents the temperature coefficient is positive.
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Figure 6.2.: Measured V.. of IKW40N120H3 at larger collector currents I.. for different
temperature.

This changing temperature coefficient with current is a consequence of the struc-
ture of the IGBT. The forward voltage of the IGBT Vg ;gpr is the sum of the
voltages across the PN-junction at the collector and the MOS-channel [111, p.
779]. These components have different temperature coefficients. As a result the
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overall temperature coefficient depends on the current flowing in the device as
well as the design of the IGBT.

The varying sensitivity with output current requires very accurate voltage sensing
to implement a temperature measurement system based on this TSEP as well as
very accurate current sensing.

In addition to the changing sensitivity with the load current the influence of the
temperature dependency of the resistivity of the electrical connections such as
the bond wires can not be neglected for high collector currents. The measured
temperatures at large collector currents can be inaccurate as the temperature
of the electrical connections and hence their resistivity is different during the
calibration and the operating condition as discussed by Dupont and Avenas in
[105]. In the same paper the authors discuss two approaches for measuring the
forward voltage under different conditions to overcome this issue. One approach
measures the forward voltage at different gate voltages. The other approach
requires measurements at two collector current values.

For this investigation the methods based on the forward voltage of the IGBT
were not considered further, as the sensitivity is too current dependent and the
methods that require changing gate voltage or collector current were considered
too complex.

6.3.2. Internal gate resistance

The use of the internal gate resistance to sense the IGBT chip temperature is
discussed by Brekel et. al. in [96] and compared to temperature measurements
using a thermocouple, an IR-camera and an IR-sensor.

The authors of [96] were able to perform temperature measurements on a 6.5kV
IGBT chip with good accuracy and high time resolution by measuring the
temperature dependent resistivity of the internal gate resistor.

The main downside of this methodology is that contacts to the internal gate
resistor need to be accessible in order to implement an on-line temperature
measurement system that makes use of this TSEP. Since typical IGBT modules
that were considered in this investigation do not provide access to the internal
gate resistance this TSEP was not considered further.
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6.3.3. Threshold voltage

In literature (e.g. [111]) the threshold voltage is formally defined as the gate
voltage at which a strong inversion layer is formed and hence a channel that can
conduct significant currents forms. The threshold voltage as a TSEP along with
approaches to measure it during converter operation is discussed in [103, 107].
For the purpose of this investigation the threshold voltage was considered as
the gate voltage above which a collector-emitter current of 1 mA starts to flow
in the IGBT. As the measurement results in Figure 6.3 show the sensitivity of
this quasi threshold voltage as a TSEP for the tested device is approximately
—12mV K1,
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Figure 6.3.: Measured V;p, of IKW40N120H3 (Vo set to 10V, increased Veg until Ipg
of 1mA flowed.)

The benefit of this TSEP is that it is largely independent of the current [103]. To
measure the threshold voltage during converter operation it is necessary to detect
the onset of current flow during turn-on of the IGBT and accurately measure the
gate-voltage at that point with minimum delay.

6.3.4. Switching delay times
The authors of a number of publications [98, 100, 102, 103, 107] discuss the

temperature dependence of both the turn-on delay time t4,, as well as the
turn-off delay time ¢4, of IGBTs.
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The turn-on delay time has the advantage of not being influenced by the switched
current, but only the voltage prior to turning-on the device [98, 102]. However, the
disadvantage is that very low sensitivities of the turn-on delay time to temperature
are reported in some publications [100, 103]. This is also confirmed by looking
at datasheets of a typical discrete IGBT and an IGBT module [82, 112]. In
these datasheets very low sensitivities to temperature of the turn-on delay are
mentioned, while the sensitivity of the turn-off delay tq,ss to temperature is in
the range of 0.5 to 0.8nsK~1.

The disadvantage of the influence of the switched current on the turn-off delay
should not be problematic in most applications of an on-line temperature mon-
itoring system, as the current is known from current measurements that are
required for controlling the converter. The turn-off delay time is thus favoured
over the turn-on delay time, as higher temperature sensitivities are expected for
the devices considered in this investigation.

The switching delay times, in particular at device turn-off, are considered to be a
suitable TSEP for building an on-line temperature monitoring solution, since only
the time between two events needs to be measured. It is expected that including
the necessary components around the gate-drive circuit can be achieved with
reasonable effort to permit temperature measurements with a resolution of 1°C
or better.

6.3.5. Switching transients

The switching speed of IGBTs (in particular the di/dt) is dependent on temper-
ature as discussed in [99]. In principle the switching speeds can therefore be used
to determine the device temperature.

However, the sensitivity of the rates of change of current and voltage to temper-
ature are expected to be relatively low and also depend on the operating point
(switched current and voltage as well as gate voltage). Approaches that could be
followed to measure the di/dt and dV/dt are provided in [113]. One approach that
makes use of the stray inductance between kelvin-emitter and power terminal to
sense the di/dt and hence measure the device temperature is provided in [108].

It is expected that significant effort is required to sense the switching speeds with
a sufficient accuracy to measure the device temperature. Also, not in all cases
are kelvin-emitters available to use the method described in [108]. Therefore, the
switching transients were not considered further as a TSEP in this investigation.
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6.3.6. Summary

On the last few pages a number of TSEPs of IGBTs were discussed. A short
summary of their advantages and disadvantages in the application of an on-line
temperature monitoring system is given in Table 6.1.

Sensing the chip temperature using the collector-emitter voltage Vi sq¢ with a
small measurement current I is a good solution for offline applications i.e. while
the chip is not operated within a power converter. This is the case if thermal paths
are characterised or if power cycling tests are conducted. For online applications
this TSEP is not suitable as it is not possible to let a well defined and small
measurement current flow in the device while the converter is operating.

For on-line temperature monitoring the most suitable TSEPs are considered to
be the threshold voltage V;;, and the turn-off delay time t4,¢¢. In fact, previous
implementations of on-line temperature sensing systems based on these TSEPs
are mentioned in literature and a few examples are referenced below.

o In [107] and [103] the threshold voltage is used as a TSEP in an on-line
temperature monitoring system.

o In a patent application publication published in 2013 [109] a set-up and
a methodology to determine the junction temperature of a semiconductor
device based on measuring a switching delay time and the device forward
voltage in the on-state is described.

e A TSEP not previously discussed here, but closely related to the switching
delay times (the width / duration of the miller plateau) is used in [106, 110].
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Table 6.1.: Summary of qualitative comparison of IGBT TSEPs

Suitability
. f -li
TSEP Advantages Disadvantages or on-lne
temperature
sensing
good linearity es a small Sors
Vee sat 6 other influen requires a bﬁna sense | |\ o+ poosible to
(small 1) cing parameters current in the on-state implement
accurate measurement
of Ic necessary
sensitivity depends on hieh impl
v can use load cur- igh imple-
ce,sat IC .
1 T rent . mentation
(large Ic) influenced by temper- offort
ature changes of bond-
wires etc.
good linearity requires access to in not feasible
R sufficient sensit- d . with standard
Gint it ternal gate resistor modules /
ivity
devices
timing for measure-
. good linea'r%t}.r @ent of Vg at the promising
th good sensitivity mbta.nce _I? starts to option
flow is critical
. . d d 1 d
good linearity Ve pendency on Lo an
teon / sufficient - sensit- a(?cirate time meas promising
ld ivi g option
ot ity (ta.or7) urement required
high effort to measure if at all
switching di/dt or dV/dt possible a high
speed sensitivity and linear- | implementa-
ity unclear tion effort is
expected

103




6. On-line temperature measurement of IGBTs

6.4. Gate-drive circuit with turn-off delay
measurement

Based on the comparison of various temperature sensitive electrical parameters of
IGBTs in the previous section it was decided to implement an on-line temperature
monitoring solution based on the turn-off delay time as a TSEP. To realise the
on-line temperature monitoring a measurement circuit to sense the turn-off delay
with minimum effort in terms of additional components was developed.

In order to measure the turn-off delay of an IGBT two tasks need to be addressed.
First of all, the beginning and end of the turn-off delay time need to be detected.
This was achieved using a two-channel comparator. The collector-emitter and
gate-emitter voltages are compared with constant voltage thresholds corresponding
to approximately 50V and 13V, respectively. A falling edge on the start signal is
thus generated when the gate voltage falls below 13V and a rising edge on the
stop signal is generated when the collector emitter voltage rises above 50V as
illustrated in Fig. 6.4.
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(a) Measurement circuit extending IGBT (b) Start and stop signals generated
gate-drive circuit. from voltage transients during IGBT
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on those shown in [114, p.564].

Figure 6.4.: Gate-drive circuit with turn-off delay measurement.

Once the start and stop signal have been generated the delay between both signals
needs to be measured. For this measurement a resolution in the region of 0.1 ns
is required in order to achieve a temperature resolution in the order of 1K, as
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the expected sensitivity of the measured turn-off delay to temperature lies in the
range of 0.5 to 0.8 ns K1 as discussed in the previous section.

To measure time intervals with resolutions in the area of 0.1 ns using a simple
counter a clock frequency of 10 GHz would be required and this is not feasible.
However, many strategies to accurately measure short time intervals with high
resolution exist. Reviews of such techniques can be found in [115-117].

After briefly considering to built a discrete circuit for performing the time meas-
urements such as that presented by Fontanelli et. al. in [118] it was decided to
use a commercially available solution for the time measurement to avoid having to
characterise and calibrate a sensitive circuit. For the implementation of the IGBT
turn-off delay measurement the TDC-GP22 manufactured by acam-messelectronic
GmbH which offers a time resolution of 90 ps or better and a range of 3.5ns to
2.5 ps was used [119].

A block diagram of the measurement circuit which was implemented to measure
the IGBT turn-off delay during converter operation is shown in Fig. 6.5. All
digital communication signals are isolated to allow the driver-circuit to be used
to drive IGBTs at a floating potential.
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Figure 6.5.: Block diagram of IGBT gate driver with turn-off delay measurement
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6. On-line temperature measurement of IGBTs

The time to digital converter (TDC) is configured to measure the time between the
falling edge on the start signal and the rising edge on the stop signal. Completion
of the conversion process is indicated by the TDC through an interrupt. Upon
receiving the interrupt signal the control system reads the turn-off delay time
from the TDC using the SPI bus, which is also used to configure the device.

The gate-driver with the measurement circuit described above was implemented
on a small PCB, shown in Fig. 6.6. These gate-driver PCBs were used to conduct
the turn-off delay measurements described in the next sections.

Interface /

Supplies IGBT driver

signal isolator

GATE
TDC chip

COLLECTOR

EMITTER

2ch-comparator

Figure 6.6.: PCB with IGBT driver and circuitry for turn-off delay measurement (further
components on bottom side of PCB).

6.5. Experimental investigation of turn-off delay as a
TSEP of IGBTs

In order to test the gate-drive circuit presented in the previous section and to
further investigate the feasibility of using the turn-off delay as a TSEP for on-line
temperature monitoring a number of measurements were performed on discrete
IGBTs.

106



6.5. Experimental investigation of turn-off delay as a TSEP of IGBTs

6.5.1. Measurement of turn-off delay of a single IGBT

To identify the sensitivity of the turn-off delay measurement with the implemented
measurement circuit to temperature and other influencing factors (I¢,Vpe) a set
of measurements was performed using a typical state-of-the-art discrete IGBT
(1200V,40 A). Single pulses were applied to the device-under-test in a simple
set-up as shown in Fig. 6.7.

PC
: Licad
. A
on, t 1
Y d,of f Cpo=— C) Voo
gate sig. ] LT
i ate d
8-bit > gd. : river .
pController [ with tq o f fI s DUT
SPI bus meas.
L

(a) Principal circuit used to test the turn-off delay measurement and perform meas-
urements on a discrete IGBT. DUT (Low-side IGBT) is placed on a hot plate for
measurements at different temperatures.

Gate driver PCB with
td,of f Keasurement

-

Controller with

/ 5 - PC interface

HS-IGBT
(b) photo of setup

Figure 6.7.: Experimental set-up used to conduct turn-off delay measurements on a
discrete IGBT at different temperatures, switched currents and voltages.
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6. On-line temperature measurement of IGBTs

The duration of the pulses was selected to switch off the DUT at different collector
currents I in the range of 1 to 25 A. The measurements were performed at
different temperatures and for different supply voltages Vpe of 400 to 800 V.

In Fig. 6.8 the voltage and current transients of a turn-off event at 25 A and a
DC voltage of 400 V are shown along with the generated start and stop signals.

(@ 250V @ 100V Toons stocws' H @ g.sov"
299 600Ns 1M points )

>/ Timing Resolution: 2.00ns ‘ "27 Nov 2015"
(13:27:48

Figure 6.8.: Transient signals for turn-off at 25 A, 400V, 100°C, R, = 15Q.

As can be seen from the plot, the falling edge of the start signal marks the
time at which the gate voltage Vg starts to fall with only a small additional
measurement delay. The rising edge of the stop signal lies approximately 180 ns
after the collector-emitter voltage Vg rises above the threshold value. The time
between the two events is measured by the TDC and communicated to the PC
via the micro-controller.

The additional delay between the rise of the collector-emitter voltage and the
stop signal is attributed to the parasitic capacitances within the voltage divider
that reduces the collector-emitter voltage to a level that can be handled by
the comparator. The resistances in the voltage divider have to be high enough
to limit the current to a value that gives acceptable losses. However, if the
resistances are high, the small parasitic capacitances present in the resistive
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6.5. Experimental investigation of turn-off delay as a TSEP of IGBTs

voltage divider become relevant and introduce an additional delay until the rise
in Vo is sensed by the comparator. This has to be considered if the described
delay time measurement is to be implemented in a converter system. The circuit
either has to be redesigned to minimise the delay of the measurement circuit or
the delay has to be taken into account in the calibration of the measurement
system.

In Fig. 6.9 the measured turn-off delay is plotted as a function of temperature
for different operating points (I¢, Vpe). The results confirm, that the turn-off
delay times measured using the developed circuit are temperature dependent.
The absolute values of the measured turn-off delay times are higher then expected
due to the extra delay introduced to the measurement by the voltage divider
circuit.

2
~
g 400V, 5A —O——
§’ 400V,15A —o——
% 400V,25 A ——&——
3 600V, 5A —===--=-
E 600V,15 A ~==----=
E 600V,25 A --=-----
800V, 5A oo Xeoees
800V,15 A ---o-X-ooe-
800V,25 A -eorXeeees

25 50 75 100 125 150

Temperature / °C

Figure 6.9.: Turn-off delay of an IKW40N120H3 measured with implemented circuit
(Rg =159Q).

The results also show that the temperature dependency varies between 0.5ns K1
and 1.0ns K~! with changing collector current. Additionally, the absolute value of
the turn-off delay measured by this measurement circuit depends on the switched
current and to a lesser extend on the supply voltage. The dependency on the
voltage may have to be attributed to the measurement system. These results
suggest that knowledge of the switched current and voltage is required in order
to obtain the device temperature from the measured turn-off delay time.
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6. On-line temperature measurement of IGBTs

6.5.2. Turn-off delay of parallel IGBTs with different
temperatures

In high power applications it is common to place multiple IGBT chips in parallel
(e.g. in large IGBT power modules) to achieve the desired power rating. Even
though these power modules are optimised by the manufacturers some differences
in the chip temperature of paralleled chips can be expected. To investigate how
the turn-off delay behaves if multiple IGBTs chips, which may not have the same
temperature, are connected in parallel another set of measurements was taken.
This time two IGBTs were placed on two independent hot plates to set different
operating temperatures, as illustrated in Fig. 6.10.

PC

Licad

: DUT—A|_—|@ puT-e

(a) Principal circuit used to perform measurements on two parallel discrete IGBTs. DUT-A and
DUT-B are placed on two hot plates for measurements at different device temperatures.
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(b) photo of setup

Figure 6.10.: Experimental set-up to conduct turn-off delay measurements on two DUTs
at different temperatures
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6.5. Experimental investigation of turn-off delay as a TSEP of IGBTs

Figure 6.11 shows the measured turn-off delay for the case in which both IGBTs
were heated to the same temperature as solid lines and the measured turn-off
delay for the case of one IGBT being kept at around 25 °C while the second IGBT
was heated to the indicated temperature as dashed lines.

5A (both heated) —@&——

5A (DUT 2: ca. 25°C) -===X----
15 A (both heated) —®——

15A (DUT 2: ca. 25°C) ~—===%----
25 A (both heated) ——&——

25A (DUT 2: ca. 25°C) =--==%----

Turn-off delay tg ,f; / ns

25 50 75 100

Temperature / °C

Figure 6.11.: Turn-off delay measurement of parallel devices (one gate resistor Ry =
15Q for both devices).

It can be seen from the data in Figure 6.11 that the measured turn-off delay time is
lower if only one device is heated and the second device remains at approximately
25°C. This suggests that an average turn-off time is measured. Hence, in the
application an average temperature of two devices at different temperatures would
be measured. It would be desirable if the temperature of the hottest device
were measured, however, depending on the application an average temperature is
acceptable.
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6. On-line temperature measurement of IGBTs

6.5.3. Turn-off delay of an IGBT in a large power module

In order to show that similar dependencies of the turn-off delay on temperature
and the switched voltage and current exist in large power electronic modules a set
of measurements was conducted on a power stack in which two 1200V / 1400 A
primepacks (FF1400R12IP4) are installed. The measurement was conducted
by warming up the heat-sink to achieve different device temperatures and by
applying a number of pulses of varying length to the IGBTs to measure turn-off
delays at different turn-off currents. The turn-off delay was measured using an
oscilloscope, as the driver circuit shown above can not drive these large power
modules.

1300 A -
«
¢
2 10 E 400V, 300 A ———
“
3 400V, 600 A ——O——
s
> 500V, 300 A —===—F--==
» 1200 [ =
e 500V, 600 A -—---—F----
el
& 600V, 300 A Tttt
]
;
Z 1150 [ . 600V, 600 A X
3

1100 ! ! ! I i I

0 20 40 60 80 100 120

Temperature / ¥C

Figure 6.12.: Turn-off delay of PrimePack module

The measurement results shown in Fig. 6.12 illustrate that the temperature
dependency of the turn-off delay of the IGBTs in the power module is similar
to the temperature dependency observed for a discrete IGBT. The temperature
dependency lies in the range of 1.0ns K~! and 1.5ns K1 and is therefore higher
than for the smaller discrete devices. The result suggests that temperature sensing
based on the turn-off delay can be implemented for large IGBT modules as well,
if the measurement circuitry is implemented in a driving circuit capable of driving
larger modules.
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6.6. Implementation of IGBT temperature monitoring in a three-phase inverter

6.6. Implementation of IGBT temperature
monitoring in a three-phase inverter

To demonstrate that the described method of on-line temperature measurement
can be used during operation of a switching converter a three-phase inverter with
a two-level full-bridge topology was set up.

The inverter was built around a 50 A sixpack IGBT module? without the usual
silicone gel filling in order to enable infrared measurements of the semiconductors
to be taken. The open IGBT module can be seen in the picture in Fig. 6.13 along
with the sensing circuitry, the DC-link capacitance and the gate-drive circuitry.
For one low-side IGBT the driver circuit with the capability to measure the
turn-off delay was used.

<@~ DClink

IGBT module
Voltage and

current sensors ==

Gate driver with
td,off measurement

Figure 6.13.: Laboratory set-up of a three-phase inverter built around a 50 A sixpack
IGBT module.

2Infineon FS50R12KT4_B15
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6. On-line temperature measurement of IGBTs

A field-programmable gate array (FPGA) was used to generate the required gate-
pulses using space-vector pulse-width modulation (SVPWM). Different switching
strategies (as described in e.g. [120, 121]) were implemented and can be selected
by sending control signals to the FPGA. The turn-off delay measurement circuitry
is controlled by a soft-core micro-controller within the FPGA. The measured turn-
off delays are analysed in combination with the measured currents and voltages
to estimate the device temperatures. An overview of the functions implemented
on the FPGA is provided in Figure 6.14.

FPGA
Vi1 EControI / Modulation for 3 Phase Inverter (open-loop) E
G o :
6ch ADC |_|5,| Signal (13 s T IR
Scali i ' a A T -
(SPI) caling H ' Compute oM | pwM [ 5
3 H 50 Hz alpha(t) ] P Tc_| Generator __:_I H
! | reference beta(t) T e
H generatorT E
. N e Rl e ] b bl
12ch ADC| |smi | Signal [2< I‘Mode
(SP) [ | > Scaling TN‘rg L
Trigger
Measuament »-To IR-Camera
Embedded pController
. RS232
NIOS I i Values f
SD Card spl ( ) i3 Amplitude | | o e alues for
Monitoring
PC
A TDCd Sspi Junction temperature computed from measurements Setpoints
Low side
IGBT, L3)

Figure 6.14.: Block diagram of functionality implemented on FPGA to control inverter
(open-loop operation) and demonstrate on-line temperature monitoring.

The logic within the FPGA triggers a turn-off delay measurement (via the
implemented micro-controller) as well as an IR measurement at a switching event
at the peak of the AC output current as illustrated in Fig 6.15.

The micro-controller receives the measured turn-off delay time from the TDC and
stores it on an SD-card. Additionally, the current and voltage measured by the
ADC just previous to the turn-off delay measurement are recorded alongside the
turn-off delay measurement. The actual device temperature was measured using
a high-speed infra-red camera. The infra-red measurement was synchronised to
the turn-off delay time measurement by a synchronisation pulse sent from the
control board.
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monitored device Measurement triggered here
a) Monitoring was implemented for b) Turn-off delay measurement is triggered at
g p y gg
one low-side IGBT in the two-level peak current in monitored device.
inverter.

Figure 6.15.: Illustration of the measurement point at the peak current switched by the
monitored low-side IGBT.

6.6.1. Calibration measurements and model fitting

As previously discussed, the turn-off delay depends on the temperature of the
IGBT as well as the switched current and voltage. A model that links the
influencing factors to the measured turn-off delay had to be found to allow the
virtual junction temperature T;; to be obtained from the measured turn-off delay,
the switched current and the DC-link voltage during converter operation.

To obtain data for finding such a model a number of measurements at different
operating points of the inverter were conducted. The measured turn-off delay
at different temperatures and six different inverter operating points is shown in
Fig. 6.16.

As can be seen from the data in Fig 6.16 some outliers are obtained in the
measurement. To improve the results data points that clearly contained invalid
data were removed from the dataset and averaging over a number of measurement
points was introduced. The resulting data is replotted in Figure 6.17.
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Figure 6.16.: Measured turn-off delay at various operating points. No filtering.
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Figure 6.17.: Measured turn-off delay at various operating points. Implausible values
removed and filtered by averaging. Data previously shown in [93]

The data in Fig 6.17 shows that at each individual operating point the temperature
and turn-off delay are linearly related. However, the gradient and y-intercept of
the linear relationship vary between the different operating points. The following
set of equations was used to describe the relationship between the measured
quantities:

taoft (Tvj, Ic, Vpe) =m(Ic) - Ty + b (Vpe, Ic) (6.1)
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m(Ic) =mso - IZ +my - Ic +mg (6.2)

b(Vpc,Ic) = (b3 - Vpe +ba) -In(Ig) + b1 - Vpe + bo (6.3)

The coefficients mo to mg and b3 to by were found by fitting the model to the
measured data. The resulting coefficients are provided in Table 6.2. Additionally,
the fitted lines are shown as an overlay to the measured data points in Fig 6.18.

Table 6.2.: Parameters found by fitting
mo | —6.048 x 107°
m1 | —1.079 x 1072
mo | 9.763 x 1071
b3 1.972 x 1072
by —5.520 x 10°
by | —8.326 x 1072
bo 5.682 x 102

540
520 290V,4.7 A +
Z 500 290V,13.4 A .
™~ 480 200V,26.3 A +
:B% 460 400 V,4.7 A X
3 140 400V,13.4 A
400 V,26.3 A .
420
400

30 50 70 90 110 130

Tchip,mam / °C

Figure 6.18.: Model of turn-off delay with fitted parameters compared to measured
values

One can see that with this simple model the dependency between the chip
temperature, the DC-link voltage and the switched current can be modelled.
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6. On-line temperature measurement of IGBTs

6.6.2. On-line temperature measurement during converter
operation

To show the capability of the measurement system to monitor the chip temperat-
ure during converter operation two further measurement runs were conducted.
The model relating the measured turn-off delay to the chip temperature was im-
plemented in the micro-controller (within the FPGA) to enable direct conversion
of the measurement result to a temperature.

The measured temperatures were stored on an SD card along with the measured
voltages and currents. Synchronised to the on-line measurements infra-red were
taken to evaluate the performance of the on-line measurement solution. The
measured temperatures and operating conditions are plotted below.

Ty; / C

On-line Measurement °

40 IR-Measurement L4

Iac,pea.k /A

0 300 600 900 1200

time / s

Figure 6.19.: Comparison of on-line temperature measurement with IR, measurement.
(Vbe constant at 290V, fs,, = 16 kHz)

As can be seen from the plots in Figure 6.19 the temperatures measured by the
IR~camera and the on-line system are in good agreement, however, some noise is
seen on the temperatures measured by the on-line system as well as on the current
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measurements. The data was post-processed by removing implausible values and
filtering (averaging over multiple measurements) and the post-processed data is
replotted in Figure 6.20.

T,/ C
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40 IR-Measurement .
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\J
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time / s
Figure 6.20.: Comparison of on-line temperature measurement with IR measurement.

(Vbe constant at 290V, fs,, = 16 kHz) Implausible values removed, filtered
by averaging. Previously published at [93]

As can be seen from Figure 6.20 the post-processing has significantly improved the
quality of the temperature measurements. Instead of post-processing the results
as was done here it is also possible to implement the plausibility checks for the
measurements (tqo77, Ic, Vpc) as well as the filtering on the micro-controller.

To illustrate that the method also works for varying DC-link voltages Vpc a
second test run was performed. The measurements obtained in this test run are
plotted in Figure 6.21 (after post-processing as previously described).

The results show, that the implemented on-line measurement of the chip temper-
ature yields good results over a range of DC-link voltages and output currents.
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Figure 6.21.: Comparison of on-line temperature measurement with IR measurement.

(fsw = 16kHz) Implausible values removed, filtered by averaging. Previ-
ously published at [93]
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6.7. Conclusion

In this chapter an implementation of a measurement circuit which enables indirect
measurements of the temperature of the IGBT chip during operation of a power
converter was presented. The method itself is very similar to the method described
in [109] and makes use of the well known sensitivity of the IGBT turn-off delay
tq,0ff tO temperature.

With the help of a scaled three-phase inverter laboratory set-up it was shown that
the implemented measurement circuit allows on-line temperature measurements
to be taken during converter operation.

Before the presented methodology can be considered for application in a product it
would be essential to further investigate ways to minimise the required calibration
effort. To do so the component to component variation of the turn-off delay of
IGBTs of the same type needs to be explored. Also, it would be important to
investigate the variability in the sensitivity of the turn-off delay between different
types and generations of IGBTs.

The measurement system itself also needs to be optimised. The resistive voltage
divider to measure the rise in Vog needs to be improved to minimise its time
delay and the stability of the measurement system itself needs to be analysed
to identify possible drifts with temperature or other changing factors. Maybe,
alternative methods of sensing time dependent durations at device turn-off, such
as that presented in [106], should be considered to avoid high voltage divider
ratios that are required to sense the collector-emitter voltage.

Additionally, further investigation of the behaviour of the turn-off delay of multiple
IGBT chips connected in parallel is necessary to decide whether the turn-off delay
time is suitable as a TSEP for temperature measurement in larger multi-chip
modules. The preliminary investigations that were conducted on two parallel
IGBTs suggest that an average temperature is sensed if devices with different
temperatures are paralleled.

Overall, the results presented in this chapter show that measuring the chip
temperature of IGBTs during converter operation is possible with sufficient
accuracy and acceptable effort in terms of additional components by sensing the
turn-off delay.

In [122] Musallam et.al. presented a method to perform on-line rainflow compu-
tations to perform on-line estimations of the remaining lifetime of power modules.
While a temperature monitoring system as presented here can not measure the
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6. On-line temperature measurement of IGBTs

temperatures of all parts of a power module (e.g. system solder, chip solder, etc.)
it could be used to supplement compact thermal models (see e.g. [123] for such a
real-time model) that are used to estimate the temperatures within the power
module during converter operation.

Alternatively, the temperatures measured by the on-line measurement system
could directly be applied to an on-line rainflow counting algorithm if only the
temperature cycles at the chips are to be analysed. In that case the history of
temperature cycles imposed on the IGBT module can be related to the cycling
capability to estimate the remaining life of the module.
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7. Summary and Conclusion

In this work a number of aspects related to the reliability of power semicon-
ductors with a focus on photovoltaic central inverters for sun-belt regions were
investigated.

On the device level an investigation into the cosmic radiation robustness of a
number of Si and SiC semiconductor devices with rated voltages between 600V
and 1700V was undertaken. Samples of the different devices were irradiated with
a neutron beam with a spectrum that approximates that of the terrestrial neutron
flux to measure the voltage dependent failure rate of the components.

The results of the measurements show that the tested SiC MOSFETs are more
robust than the tested Si IGBTs and Si SJ MOSFETs against cosmic radiation
induced single-event-burnout. However, it was also observed that part of the
robustness apparently has to be attributed to the high breakdown voltage that
the tested devices have when compared to their rated voltage. Nevertheless, it
was seen that two of the tested SiC MOSFETs show higher robustness than the
Si devices if the results are normalised to the measured breakdown voltage.

Additionally, the results show that the tested SiC Schottky diode is more robust
than a state of the art Si diode tested by other authors [52], while the tested Si
CAL diodes are even more robust against cosmic radiation induced single-event-
burnout.

In summary, the results show that the tested SiC devices are more robust against
cosmic radiation induced SEB than the tested Si devices with the exception of the
Si CAL diode. Nevertheless, it is essential to note that this has to be evaluated for
every new device as changes in the design can impact the robustness. Particularly,
reductions in the ratio between the breakdown voltage and nominal voltage of
the SiC MOSFETs could lead to a reduction of their SEB robustness.
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On the system level a simulation to estimate the stresses on the power semi-
conductor modules in photovoltaic central inverters operated in sun-belt regions
was developed. The simulation takes information about a photovoltaic system
and climatic data as inputs and estimates the temperature cycles occurring at
the heat-sink / IGBT module baseplate and at the semiconductor chips as well
as the voltage stress. From these stresses the lifetime (limited by temperature
cycling) and reliability (failure due to cosmic radiation induced SEB) of the IGBT
modules were estimated.

Based on simulations conducted for a total of nine locations it was seen that
power cycling is apparently not critical for photovoltaic central inverters. However,
the performed simulation did not capture temperature cycles that occur at the
semiconductors due to the output current pulsation within the fundamental period
of the output current waveform. These also need to be taken into consideration
when designing a converter. The thermal cycling stress is at a higher level than
the power cycling stress and certainly has to be taken into consideration when
sizing an inverter. Overall, the stresses predicted by the simulation suggest that
it is possible to reach lifetimes exceeding 25 years with appropriate designs.

The thermal cycling stress was found to be most critical in locations that are
characterised by the frequent occurrence of low ambient temperatures. At low
ambient temperatures large daily temperature cycles between the cooling system’s
set-point temperature and the nightly ambient temperature were observed.

Alternative approaches to determine the set-point for the cooling system controller
were suggested and their effectiveness in reducing the thermal cycling stress was
analysed. It was shown that the thermal cycling stress can be reduced significantly
without requiring any hardware changes and that the impact on the power demand
for cooling of the converter can be minimised if prognosis data is used.

In addition to the temperature cycling stress the voltage stress on the semicon-
ductors in a photovoltaic central inverter was investigated. The investigation
has shown that output power curtailment of the photovoltaic inverter leads to
increased voltage stress. This voltage stress was compared with the measured
voltage dependent failure rate of 1200 V power semiconductors (silicon IGBT / di-
ode) and it was seen that failure rates significantly exceeding tolerable limits may
be observed if 1200V silicon power semiconductors are used in 1000 V inverters.
The use of more robust semiconductors (e.g. SiC MOSFETs or silicon CAL diodes)
or the use of devices from a higher voltage class are options to achieve acceptable
failure rates. Alternatively, multi-level topologies with lower voltage stress on the
semiconductors can be considered. No matter which approach is selected it is
important to accurately estimate the voltage stress in the application and compare
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it with the voltage dependent failure rate of the considered semiconductors to
evaluate if a design meets the requirements.

Finally, an implementation of an on-line temperature monitoring system for IGBTs
within a power converter was shown. The implemented temperature monitoring
solution makes use of the temperature dependency of the IGBT’s turn-off delay.
Using a small laboratory set-up of a three phase inverter it was shown that the
temperature can be measured during operation of the inverter. The temperature
measurements were validated using a high speed infra-red measurement system.
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A. Perez model for diffuse
irradiance on a tilted surface

According to the Perez model in the version presented in [73] and discussed by
Quaschning in [66, 67] the diffuse irradiation can be calculated as

1—Fy)- (14 cosByen a .
Eaitf,gen = Ediff,hor - <( ) (2 Bgen) + Iy - b + - smﬁgen> (A1)
where
a = maxz(0; cosgen) (A.2)
b = max(0.087; sin-ys) (A.3)

and F} and F5 are coefficients describing the anisotropy around the sun and the
horizon [73]. The values for F; and Fy are computed by first computing the index
for the sky clearance ,e, and the sky’s brightness, A.

Eairy h,orJrEG{,l:,r’hor 3
‘ )Ed 1 et k- 95
¢ = i (A.4)
1+k-06,
m
A = Egiffhor - o (A.5)
0

angle between sun and zenith / rad
constant k = 1.041

relative air mass [67, p.103] mlw

SRR
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A. Perez model for diffuse irradiance on a tilted surface

Based on the value of the sky clearance index the coefficients from Table A.1 are
selected and used to compute F; and F5 according to the following equations.

F1:F11 +F12'A+F13'95 (AG)

Fy = Fp1 + Fog - A+ Fo3 - 0, (A7)

Table A.1.: Coefficients for the irradiance model by Perez et.al. [73]

€ Fy Fro Fi3 Fy Fy Fys
1 ... 1.065 | -0.008 | 0.588 | -0.062 | -0.060 | 0.072 | -0.022
1.065 ... 1.230 | 0.130 | 0.683 | -0.151 | -0.019 | 0.066 | -0.029
1.230 ... 1.500 | 0.330 | 0.487 | -0.221 | 0.055 | -0.064 | -0.026
1.500 ... 1.950 | 0.568 | 0.187 | -0.295 | 0.109 | -0.152 | -0.014
1.950 ... 2.800 | 0.873 | -0.392 | -0.362 | 0.226 | -0.462 | 0.001
2.800 ... 4.500 1.132 | -1.237 | -0.412 | 0.288 | -0.823 | 0.056
4.500 ... 6.200 | 1.060 | -1.600 | -0.359 | 0.264 | -1.127 | 0.131
6.200 ... — 0.678 | -0.327 | -0.250 | 0.156 | -1.377 | 0.251
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B. Details of thermal model of
power electronic stack

Table B.1.: Parameters of Foster type thermal model. Values for Z;;, JC taken from [82]

ZpJC (Diode)
1 1 2 3 4
ri | (K/KW): 3.0 8.5 23.8 0.7
T /s 0.0008 0.013 0.05 0.6
ZwJC (IGBT)
i 1 2 3 4
ri | (K/KW): 0.8 40 13.2 15
T /s 0.0008 0.013 0.05 0.6
Z:LCA (for different fan speeds)
i 1 2 3 4
FAN: 0% 1.88 53.77 99.98 8.27
FAN: 20 % 6.90 19.01 11.15 2.19
FAN:40% 7.97 10.99 1.66 1.60
ri/ (KA —RNe0% | 7.50 8.25 2.96 1.92
FAN:80 % 8.67 6.81 1.19 1.99
FAN:100% 8.63 5.91 1.61 1.95
¢ | (J/K): 826 13086 28827 | 2594904
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B. Details of thermal model of power electronic stack

Table B.2.: Parameters of the Cauer type thermal model. Obtained by transforming
Foster model (see Table B.1) to Cauer model.

Z:nJC (Diode)

1 1 2 3 4

ri | (K/KW): 502 | 19.98 | 10.77 | 0.22
&/ (J/K): 0.0512 | 0.1892 | 0.7877 | 69.6627

Z{»nJC (IGBT)

1 1 2 3 4

ri / (K/kW): 1.94 10.65 6.05 0.86
¢i / (J/K): 0.1585 | 0.3120 | 1.3597 | 52.4494

ZLCA (for different fan speeds)
1 0 1 2 3 4

FAN: 0% 2.29 0.83 102.59 53.11 5.78
FAN:20 % 2.29 6.14 28.49 0.63 1.75
FAN:40% 2.29 7.31 8.81 2.38 1.45

ri/ W) R R 60% [ 2.29 6.79 9.64 0.19 1.76
FAN:80% | 2.29 8.06 5.39 1.03 1.89
FAN:100% | 2.29 8.03 5.59 0.35 1.85

¢ | (J/K): 551 9817 | 290573 | 2566237
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Table B.3.: Cooling curves obtained from project partner and simulated model responses

(Part 1).
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B. Details of thermal model of power electronic stack

Table B.4.: Cooling curves obtained from project partner and simulated model responses

(Part 2).
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C. Simulation results using different
thermal model structures

As discussed in chapter 4 the Cauer type structure shown in Figure 4.9 was used
to model the thermal behaviour of the IGBT modules of one phase arm. To
identify if the Foster type model that was directly fitted to the available cooling
curves gives significantly different results a few of scenarios investigated in this
chapter were also simulated using the Foster model. A comparison of the thermal
cycling and power cycling predicted using both thermal models with otherwise
unchanged simulation conditions is shown in Figure C.1 and Figure C.2.

(9]
. 5% 4
5 4% CAUER (SR 1.00) Hl CAUER (SR 1.25) Ml CAUER (SR 1.50)
5 3% FOSTER (SR 1.00) FOSTER (SR 1.25) ll FOSTER (SR 1.50)
0

& 2%
g ‘

1%
3
8 g% |

Kassel Golmud

Mission Profile

Figure C.1.: Comparison of thermal cycling damage factors obtained using different
thermal models in otherwise identical simulation conditions.

The comparison shows that higher damage factors are obtained if the Foster type
model is used instead of the Cauer type model. The damage factors obtained
from the simulation using the Foster type model are between 33 % and 107 %
higher than those obtained using the Cauer model.

To investigate the reasons for these differences further analysis of the simulation
results was performed. In Figure C.3 the distribution of temperature cycles at
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C. Simulation results using different thermal model structures

o T T

é 2% R

§ CAUER (SR 1.00) Hl CAUER (SR 1.25) Hl CAUER (SR 1.50)

m

e 1% FOSTER (SR 1.00) B® FOSTER (SR 1.25) WM FOSTER (SR 1.50) |

<

g

3

A 0% W |
Kassel Golmud

Mission Profile

Figure C.2.: Comparison of power cycling damage factors obtained using different
thermal models in otherwise identical simulation conditions.

the heatsink(case) predicted for the mission profile "Kassel" by both the Foster
and the Cauer model are compared.
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Heat-sink temperature swing - AT¢qse

Figure C.3.: Comparison of temperature cycles at heat-sink using different thermal
models in otherwise identical simulation conditions, Kassel, size-ratio 1.5,
fixed PV generator.

From the data in Figure C.3 one can see that overall the size of temperature
cycles predicted by the Foster model is larger than the size of cycles predicted by
the Cauer model.

The damage caused by the cycles of different size is illustrated in Figure C.4. It
can be seen that the slightly larger cycles predicted by the Foster model result in
larger damage factors. This is as expected, as the larger cycles are more critical
for the modules than the smaller cycles. Overall the damage factor predicted
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when the Cauer model is used is 1.35 % whereas it is 1.80 % if the Foster model is
used.

0.50%

0.25%

Contribution to
damage factor

0.00%

0w O 0 O W O W O
— = N N Mm on <

n O 1 O 0w O 10 O 1 O W0
< o n O © I~ - 0 0 O

100

0w O
S~
-

Heat-sink temperature swing - AT;qse

Figure C.4.: Comparison of damage factors caused by temperature cycles at heat-sink
using different thermal models in otherwise identical simulation conditions,
Kassel, size-ratio 1.5, fixed PV generator.

The reason for the higher damage factor predicted when using the Foster model
is thus that the cycles are larger than the cycles predicted using the Cauer model.
It remains to be seen why the cycles predicted are of different size when the two
different thermal models are used.

One known limitation of the Foster type models is that variations in the ambient
temperature are immediately observed across the entire model. To investigate
whether this is the reason for the difference in temperature cycles predicted by
the two models another simulation in which the ambient temperature was set
constant to the average annual temperature was performed.

In Figure C.5 the temperature cycles at the heat-sink are plotted for four simu-
lations of the same conditions. The thermal model has been varied (Foster vs.
Cauer structure) and the ambient temperature was set to a constant value for
two of the simulations whereas data from the mission profile was used for the
other two simulations (fixed Tmp)-

From Figure C.5 and the damage factors in Table C.1 one can see that if the
Cauer model is used the variations in ambient temperature only have a small
effect on the temperature cycles at the heat-sink (Teqse)-

If the Foster model is used the effect of the ambient temperature variations on
the temperature cycles is much stronger. Due to the way the model is structured
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C. Simulation results using different thermal model structures
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Figure C.5.: Comparison of temperature cycles at heat-sink using different thermal

models and with variable and fixed ambient temperatures. Other simulation
conditions are identical, Kassel, size-ratio 1.5, fixed PV generator.

the ambient temperature changes directly affect the temperature at all points in
the model, whereas they are dampened in the case of the Cauer model.

Table C.1.: Damage factors due to temperature cycling - Tiqse for different thermal
models and the influence of ambient temperature variation.

Thermal Tamb Damage Factor Damage Factor
Model Thermal Cycling Power Cycling
Cauer variable (from 1.55% 0.22%

mission profile)
Cauer constant 1.53% 0.20%
Foster variable (from 2.05% 0.25%
mission profile)
Foster constant 1.60 % 0.20 %

The behaviour of the Foster model when the ambient temperature changes is
not realistic, as it will take some time for the heat-sink temperature to change
as a consequence of a change in ambient temperature. For the purpose of this
investigation it was decided to use the Cauer model structure as it more realistically
describes the behaviour of the heat-sink as the ambient temperature is varied.
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D. Simulation results using different
sets of climatic data

In order to investigate the effect of selecting different historical datasets or datasets
based on future climate change scenarios within Meteonorm the simulation

described in chapter 4 was repeated for three locations using different input
datasets.

In chapter 4 the most up to date period of historical datasets was used to generate
the dataset of solar irradiance and temperature within Meteonorm. Here, the
oldest available dataset and a dataset based on the IPCC A1B scenario for 2030
were additionally selected (see [124] for information about IPCC scenarios). The
simulations were carried out for each dataset with otherwise identical settings.

In Figure D.1 the damage factor due to thermal cycling for each of the three
datasets for three locations is shown.
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Sainshand (A1B)

Mission Profile

Figure D.1.: Comparison of thermal cycling damage factors obtained using different sets
of climatic data in otherwise identical simulation conditions (size ratio 1.5).
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D. Simulation results using different sets of climatic data

As can be seen the impact of selecting datasets from different time periods
for each of the locations is quite small. The difference between the locations
is certainly more significant than the differences resulting from using different
datasets generated within Meteonorm.

In Figure D.2 the power cycling damage factors for each of the three datasets for
the investigated locations is shown. The results show very little difference in the
predicted power cycling damage factors for the different datasets.
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Figure D.2.: Comparison of power cycling damage factors obtained using different sets
of climatic data in otherwise identical simulation conditions (size ratio 1.5).

Overall, the comparison of results using different climatic datasets for these
locations suggests that the impact of changing climate on the results of the

lifetime estimation of the power semiconductor modules in the investigated PV
central inverter is very low.
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