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Synopsis:

In the last decade renewable generation
have become the preferred source of pro-
duction of electricity and two-thirds of the
net installations in 2018 were renewable
based, which marked the seventh consec-
utive year, where renewable installations
were above 50%.

Photovoltaics is the globally most pre-

ferred technology in terms of most

installed renewable power generation
and PV inverters are also identified as
the assemblies which have the highest
failure rate compared to other parts.
This project conducts lifetime estimation
on a grid-connected PV inverter, with
the purpose of identifying the critical

components in terms of reliability.

Fach component in the system is sub-
jected to state-of-the-art reliability mod-
elling in terms of translating real-field mis-
sion profiles and in terms of conducting the
wear-out analysis for long-term operation.
Large efforts are made to include relevant
uncertainties by means of including elec-
trical parameter variation and the highly
influential variation of the lifetime model
parameters. The project includes design
for reliability aspects in terms of analysing
different subsystem configurations in order
to improve the lifetime.







Preface

Reading Guide

Each chapter is introduced and finished with a short paragraph written in italic form.
These paragraphs are introductions and partial conclusions for the given chapters. There
will appear source references throughout the report. These references will be collected in
a source list at the end of the report. The reference method used in the report is the
Harvard Method, which implies that the reference is placed in the text with following
notation [Number which refer to Author etc.|. If the reference contains multiple sources,
then each source is separated by comma. The references refer to the list of sources where
books is stated with author, title, publisher, edition and year of publication while web
pages is stated with author, web address, title and the point of time that indicates the
last visit at the web page. Equations, tables and figures are numbered in accordance with
the given chapter, i.e. Figure 1.2 is the second figure in chapter one. Explanatory text for
figures and tables is located beneath the given tables and figures as captions.

Martin Vang Kjeer







Nomenclature

AC Alternate Current

CDF Cumulative Distribition Function
CI Confidence Interval

CTE Coefficients of Thermal Expansion
DC Direct Current

ESR Equivalent Series Resistance
FFT Fast Fourier Transform

IGBT Isolated Gate Bipolar Transistor
LCOE Levelized-Cost-of-Energy

MPP Maximum Power Point

MPPT Maximum Power Point Tracking
NOCT Nominal Operating Temperature of the PV Module
ocC Open Circuit

PO Perturbation and Observe

PCC Point of Common Connection
PDF Probability Density Function

PI Proportional Integral

PLL Phase Lock Loop

PM Phase Margin

PoF Physics of Failure

PV Photo Voltaic

RBD Reliability Block Diagram

RMS Root Mean Square

SC Short Circuit

SI Solar Irradiance

STC Standard Test Conditions
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VSC Voltage Source Converter

a Multiplicative Coffin-Manson Parameter ]
g Weibull Shape Parameter ]
n Weibull Scale Parameter ]
A Hazard Rate [failures/t]
w Radial frequency [rad/s]
o Phase [degrees]
T Time Constant [
C Capacitance [F]
D Damage [—]
D Duty Cycle [—]
E, Activation Energy [J/mol]
E, Silicon Band Gap Energy []]
f Frequency [Hz]
G Solar Irradiance [
1 Current [A]
i Iteration Index -]
J Complex Operator ]
k Boltzmann Constant [J/Kelvin]
L Inductance [H]
Ly Time to Failure [—]
L, Rated Lifetime [—]
m Modulation Index [ ]
n Diode Ideality Factor [—]
n Exponential Coffin-Manson Parameter ]
Ny Number of Cycles to Failure [—]
P Electrical power (W]
D Exponential Capacitor Lifetime Model Parameter [—]

Q Reactive Power [var]
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Introduction

In the past decades, policies has been adopted, which are in favour of reversing the effects
of global climate changes, and therefore technologies which do not rely on fossil fuels have
seen an increase worldwide. Renewable generation is becoming the preferred source of
production of electricity and a capacity of 181 GW renewable power was added in 2018,
which was an increase in respect to the added capacity of the previous years. In total the
renewable generation accounts for nearly one-third of the global installed power generation
capacity and nearly two-thirds of the net installations were renewable based, which marked
the seventh consecutive year where renewable installations were above 50 % as shown in
Figure 1.1 [50]

100%
B Non-renewable share

Renewable share

50%

0% —_—
2008 2008 2010 20m 2012 2013 2014 2015 2016 2017 2018

Figure 1.1: Share of renewable power generation capacity,2008-2018 [50]

One of the key technologies, used to obtain a sustainable energy supply, is power electronics,
which constitutes a substantial part of power systems and is widely used within renewable
power generation. The integration of power electronics into power systems enables efficient
and flexible interconnection of renewable generators, loads and electrical grids as depicted
in Figure 1.2 [9].
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Figure 1.2: Power electronics interfaced renewable generation

Due to the indispensable role of power electronics within power systems, the overall
performance, including reliability, of power electronic converters has a significant influence
on the efficiency and cost of the system [67].

1.1 Power electronics and the importance of their reliability

As the continuing evolution of power devices, passive components, circuit topologies,
control strategies, and system integration technologies, many variations of power electronic
converter systems are available today. With the present tendency, the technologies will
continue to evolve [74]. The performance of the converter systems is dictated by the
selected components, the adapted circuit topology, control strategy, and environmental
and operational conditions [71]. Among the main factors, cost of failure is of major concern
when designing the power electronics power system application. As the downtime of
generation units could result in significant negative financial consequences, a comprehensive
cost analysis should be carried out with the possibility of using components with ratings
well above the expected stress levels or by applying the stress in a conservative manner
by usage of certain control strategies. While the targeted efficiency is within reach, power
electronic converters are, according to the literature [78], identified as the most fragile
sub-systems and could therefore constitute the bottleneck of the entire system, in terms of
reliability. The definition of reliability with regards to engineering is the probability that
an item is capable of performing its required task without failure under specified conditions
and time [53]. A well developed reliability analysis within power electronics should include
the failure criteria of the components, the stress conditions, the reliability numbers (%),
the confidence level (%) and at which specific time those reliability numbers apply [16]. In
respect to field experience, a 3,5 MW PV plant are depicted in Figure 1.3, which reveals
that PV inverters are one of the most critical sub-systems in terms of failure rate, lifetime
and maintenance cost.
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Figure 1.3: Field experience of a 3.5 MW PV plant [49]: (a) failure events, (b) unscheduled
maintenance costs. Where DAS denotes data acquisition systems and ACD denotes AC
disconnectors.

The field data in [49] are collected in a time span of five years consisting of 11,700 identical
PV modules, and 26 identical PV inverters rated at 135kW. As it can be observed in Figure
1.3, PV inverters are resposible for 37% of the failure events and 59% of the unscheduled
maintenance costs.

Not only will the fragility of these components alter the cost of energy generation
negatively, but also induce the risk of a reduction in delivered energy due to system
downtime. Recent research efforts are therefore concerning the subject of estimating the
lifetime of the power electronic converters and thereby increase the availability by means
of predictive maintenance, which results in lowering the Levelized-Cost-of-Energy (LCOE)
[71].

1.2 Key concepts of reliability in power electronics

This section will introduce the key reliability concepts, which will be applied throughout
the project. The frequency of failure occurrence in power electronic components can
therefore be represented by means of a failure distribution, which is modelled as a normally
distributed probability density function (PDF), denoted as f(t) [53]. Figure 1.4 shows
an example of a failure distribution as a function of years, for a capacitor used in a
power electronic application. The cumulative distribition function (CDF), denoted as
F(t), describes the accumulation of the failure probability at the time of interest, which is
expressed as

Ft) = /0 "oyt (1.1)
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Figure 1.4: An example of the failure distribution for a capacitor used in a power electronic
application.

If F'(t) is defined as the cumulative distribution function, the reliability can be expressed
as

Ri)=1-F(t)=1— /tf(t)dt (1.2)
0

The hazard rate h(t) is defined as the percentage of a population, which fail in a defined
time interval.

ft)

"0 = )

(1.3)
There are different statistical distributions but the one used in this project and arguably
the most popular in reliability engineering is the Weibull distribution. The Weibull (PDF)
is expressed as [16]

B 4 t
10 =2 e[ -(Ly] (1.4

The corresponding reliability function is
tys
R(t) = exp —(5) (1.5)
From (1.4) and (1.5), the hazard rate i.e the instantaneous can be calculated as

A:ﬁﬁl (1.6)
Where f3 is the shape parameter, 7 is the scale parameter, corresponding to when 63.2%
of a population has failed. In this project the lifetime will be presented in the form of
percentile life which is used to state at which time a certain percentage of the population
has failed. In Figure 1.5 the time of a 10% failure, By value, is shown. A Bjg percentile
lifetime corresponds to reliability of 0.9. [16].
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Figure 1.5: Stating the lifetime as a percentile of the population which has failed
A means to show how the failure rate is evolving throughout the entire life of an electronic

component is the bathtub curve. It consists of the superposition of 3 failure rates: the
failure rate for extrinsic, intrinsic and random failures as shown in Figure 1.6 [4]

Weibull Diagram
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Figure 1.6: Bathtub curve, failure type, and Weibull parameter 3

The extrinsic failure is due to unintended defects and deviations created during the
manufacturing process, this failure is characteristic for infant mortality. Intrinsic failure
is due to natural deterioration (wear-out) of the processed materials. If the extrinsic
and intrinsic failure rates are reasonably separated in distance, then the straight line,
which connects them, represents the useful life of the component [10]. The main object
of this project is to predict the wear-out phase of the components in which the failure
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rates are increasing i.e. S > 1. The failure rate of power converters, is analysed by
means of identifying the key components, which are prone to fail through an in-depth
reliability analysis, where the electronic components are subjected to a real-field loading
profile. The conventional reliability analysis of power converters are based on failure data
and field statistics. However, it may result in unrealistic prediction results as wear-out
failure mechanisms are not considered and provides limited insights in how to improve
the design. Instead, the physics of failure (PoF') approach is utilised by employing the
obtained knowledge of the root causes of failures [70]. The main concept of the PoF is to
gather understanding of how the operational requirements of the product are related to the
physical characteristics. Moreover, an understanding of how the elements of the converter
react to various stresses and how these stresses affect the lifetime degradation is obtained
through PoF analysis. In general a failure of a power electronic component occurs when
the applied loading exceeds the design strength as shown in Figure 1.7 [74] [16]

Failure

/

Time in
service

End-of-life
(according to
some specified
Failure criterion

Frequency of j Nominal load

occurrence

Extreme
load

4

Load
distribution

Strength distribution

Figure 1.7: Load-strength curves to illustrate overstress and wear-out

The result of the PoF approach is an improvement of the understanding of the different
failure mechanisms, which may provide a more realistic lifetime prediction of power
electronic products. Therefore, the PoF methods have been investigated intensively in
recent years and will be adopted in this project.

The design and operational demands is based on mission profile loading, which is a
representation of the relevant operational and environmental conditions during an entire
life cycle. The mission profiles is taking into account the long term operational variations
e.g. wind speeds, solar irradiance fluctuations, temperature ranges, etc. For power devices
in particular the loading caused by these factors will result in temperature cycling and
the damage accumulation will cause wear-out. Applying these real field loading conditions
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to lifetime models which describes certain physical failure mechanisms is resulting in a

improvement in lifetime estimation compared to handbook based methods [55].

As stated earlier, the time-to-failure of a population of components with the same part
number could vary due to material tolerance and manufacturing variation. Additionally
the coeflicients of the lifetime models are based on results obtained at some certain testing
conditions. These models are used with components operating under different conditions,
the uncertainties in the lifetime models due to different operating condition should also be
taken into account. Finally, the loading conditions caused by the mission profiles will vary

on a year-to-year basis causing uncertainty in operating conditions [58].

a )Parameters Modeled as b) Sensitivity Analysis of each
Probability Density Functions individual parameter variation

ty
ty

density
density

density

Lifetime

¢) Monte Carlo Analysis

Figure 1.8: Monte Carlo analysis flowchart

The above mentioned uncertainties are taken into account by means of applying a
sensitivity analysis, for each of the known parameters. The uncertainty is modeled as
a probability density function. Random samples are taken from each of the modeled
parameter distribution, so the influence of each uncertainty in the system on the lifetime
can be known. In the end a Monte Carlo analysis is performed, where the variations of all
the parameters are included and an overall lifetime distribution is obtained. The resulting
lifetime is presented with a confidence interval (CI). Finally, the lifetime of the complete
system can be obtained by means of reliability block diagram based on the reliability of
each component of interest. The flowchart of a Monte Carlo analysis is shown in Figure

1.8.

1.3 Case study

In terms of being the technology with most installed renewable power capacity, PV is
globally the prefered type. In 2018 alone there was added 100 Gigawatts (GW) of solar
PV power capacity which accounted for 55% of new renewable capacity, while wind power

accounted for 28% as shown in Figure 1.9 [50].
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Figure 1.9: Annual Additions of Renewable Power Capacity [50]

The composition of installed renewable power is currently shifting among the different
technologies. Hydropower is no longer accounting for half of the cumulative renewable
power capacity, falling to 48% as of the end of 2018. Wind power on the other hand
rose to compromise to about 25% and PV exceeded 20%. In total renewable energy now
accounts for more than 33% of the world’s total installed power generation capacity [50].

The combination of PV being the renewable technology with most newly installed capacity
and PV inverters also being identified as the assemblies which have the highest failure rate
compared to other parts, gives rise to examine the reliability of PV inverters. The case
study will therefore comprise a three-phase 2 level voltage source PV-inverter (2L-VSI)
in order to illustrate the proposed reliability methods. The inverter stage is compromised
of an IGBT module of 1200V /50 A as depicted in Figure 1.10. As previously stated,
semiconductor components exposed to cyclic thermal stress are identified as being critical
ones, which are prone to fail [78]. The lifetime of the active switches and diodes in the power
module and the boost stage will therefore be estimated. According to a survey presented
in [73] capacitor is also one of the most reliability critical component in converter systems
as presented in Figure 1.11

Two-stage PV-inverter

f o )
DC/DC IGBT Modules i
PV Modules L, Filter , © PCC
_ L~ 223
| - | Z
%T %T. ] SR A~
= e g lfrn Yy
STTIT .

Figure 1.10: Grid connected PV-system: C), is the PV input capacitor, DC/DC is the
boost stage, Cy. is the DC-link capacitor, and PCC is the point of common connection.
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Figure 1.11: Survey on failures in power electronic systems (a) failure distribution among
components, (b) source of stress distribution for failures [73]

The DC-link capacitor will therefore also be evaluated in terms of lifetime.

1.4 Lifetime evaluation of IGBTs

Among the components in renewable power generation, IGBT modules are known to be
one of the most fragile [7]. The failure modes of IGBTs can generally be divided into
two main categories: chip related and packaging related. Undesired phenomenons such as
electrical overstress can lead to catastrophic failures, but in modern day power systems
these failures are covered by the protection system, instead the research is focused on
packaging related failures. Figure 1.12 shows the internal structure of an IGBT module
with a typical bond-wire [17]

Busbar

Bond Wire Connection
Power

‘ Chips

——"1...

PbsﬁcCa{f Solder

Copper

Ceramic

Heatsink

Figure 1.12: Internal structure of IGBT power module

When the converter is subjected to a fluctuating loading it causes long time power cycling.
The temperature will fluctuate accordingly to the applied mission profile and to the line
frequency cycles. As a result of different mechanical properties of the multilayered module,
each layer inhibits different coefficients of thermal expansion (CTE). The heat loss is mostly
transferred vertically downwards and the temperature gradient, which is different for each
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layer, arises from top to bottom. The alternating electrical stress and the accompanying
mechanical stress causes the bond wires to bend, which in worst case can lead to cracking
between the aluminium lead of the bond-wire and the silicon of the power chip. The
cracking will eventual spread under continuously thermal stress and in the end it will
lead to bond-wire lift off [77]. The root cause of failure can therefore be identified as the
internal temperature fluctuations and the difference in CTE is leading to mechanical stress
on the interconnected materials in the power module. Experience show that power cycles
with periods of milliseconds to tens of seconds leads to bond-wire lift off, while the ones
with cycling periods of several minutes lead to baseplate solder fatigue also due to CTE
mismatch. Mission profile dictated stress will cause cycling periods of several minutes
while the line frequency will cause them in the millisecond range, which implies that both
failures can occur at long time operation. In this project focus will be on the slow cycling
stress caused by the mission profile and not on the stress caused by line frequency loading
[69].

Newly adopted constraints of power devices tends to reflect itself in terms of complicating
reaching the reliability demands. The increasing demands is due to power devices
being introduced in new applications e.g. automotives, which pushes the constraints on
weight and space reduction, operating temperatures and increasing voltages. Along with
the continuous reliability improvement of devices, the traditional reliability assessment
methods that is basing the failure rate solely on experience are being replaced, as these will
require different test of millions of accumulated hours in order to achieve some statistical
precision. Instead built-in closed-loop reliability assessment tools are introduced. The
reliability performance is thereby a part of the design and manufacturing phase.

Mission Profile

(input)
Topology
Control scheme
Modulation
Etc.
Translated
Mission Profiles"
Damage Lifetime
Electro-Thermal AT, Lifetime Accumulation Uncertainty Distribution‘
Model of Power > > . >
. T: Model Analysis
Devices J,average
“ T T T
Parameter
Variation
Design Iteration Loop

Figure 1.13: Example of Design for Reliability

In case of not meeting the demands, devices are being redesigned to deal with the initial

10
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specifications [71]| [58]. The general aspects of the design for reliability method can be
illustrated as shown in 1.13. The resulting lifetime distribution is iterated back until
a proper selection of the power devices guarantees the lifetime target. Using different
design specifications will also lead to a diverted stress and different failure modes can
appear. The change in failure modes will be obvious if the slope of the failure distribution
on the Weibull chart differs from one another, which is part of the lifetime analysis
[10]. The main advantage of this method is that the definitions of the root cause of
the failure mechanisms and their relationship with product specifications can be obtained.
Additionally, the variations in product design will provide knowledge of the constituting
elements relationship with the loading and how the loading affect the product reliability
[16].

Junction temperature is the main factor which causes power devices to fail in accordance
with the previous mentioned failure mechanisms. In the conditions for the case renewable
generation the temperature fluctuations can be divided into short, medium and long time
scales. The short time scale is the fluctuations which will resonate around the fundamental
frequency caused by output of the power converter. The medium time scale fluctuations is
caused by the input and output power fluctuations of the power converter due to changes
in the amount of available energy such as solar irradiance. The long time scale fluctuations
are those caused by the slowly changing ambient temperature. Each of these different time
scale fluctuations will contribute to lifetime consumption of the power module [19].

The most commonly used method to estimate the junction temperature is by means of a
thermal network representing all the layers of the module. Initially, the power loss of the
device is calculated in accordance with the operating conditions and then the junction
temperature is calculated by networks representing the case to ambient temperature
difference and the junction to case temperature difference [57]. The thermal network
parameters are either given by manufacture of the device or extracted via finite element
analyses or experimental characterization. The limiting factor in terms of accuracy is the
use of a one dimensional thermal network when in reality the heat distribution is three-
dimensional. Also the accuracy of the power loss model will influence the estimation of
the junction temperaturel6].

Finally, customers are interested in lifetime expectancy under certain operating conditions,
since targeted lifetime evaluations can be a tool to decrease maintenance cost but also help
to develop new designs, which are optimized to suit the specific operational conditions and
therefore provide a longer service life [1]

Lifetime Model

There are two main types of models, which are the physical models and the empirical
based models. The physical based models take into account the strain of the material and
combines it with ageing testing data. The main advantage is that is has a good reflection
of actual failure mechanisms but it also has the disadvantage of complicated mathematical
expression combined with the difficulty of obtaining the actual parameters. In contrast,
the use of analytical models is pretty straight forward and they are therefore also the
most widely used. Analytical models are based on fitting experimental lifetime data along
with relations containing the main factors, which influence the lifetime, and the number of

11
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cycles to failure. An example of testing data provided by a leading manufacture is shown
in Figure 1.14 [76].
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Figure 1.14: Number of cycles to failure dependency on temperature cycling amplitude
and mean temperature [76]

As shown in Figure 1.14 the two quantities relating the number of cycles to failure are
the temperature cycling amplitude, AT} and the mean junction temperature, Tj,. A
commonly used empirical model, which accounts for the junction variation temperature
only, is the Coffin-Manson model, which can be expressed as [44]

N; = a(AT)™" (1.7)

The parameters a and n is obtained from fitting the testing data curves shown in Figure
1.14. In order to improve the accuracy, an extension of the Coffin-Manson formula, which
includes the Arrhenius equation, which takes into account the mean junction temperature
and which can be expressed as [34]

Ny = a(ATj) "exp (KTEmaem) (1.8)
where K denotes the Boltzmann constant and E, is the activation energy. As the failure
of the power devices is caused by the damage of each cyclic stress applied, the lifetime
estimation is to be based on the accumulation of damage caused by each of these cycles.
A widely used assumption is the linear damage accumulation, which is known as Miner’s
rule and which can be expressed as [80]

n n;
Ap =) N (1.9)

i=1

where n; is the number of cycles of the i*" stress level and N t,i 1s the corresponding number
of cycles until the end-of-life. When Ap = 1, the end-of-life is reached and the estimated

12
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lifetime can then by obtained as the reciprocal value of the accumulated damage.

Lifetime = € (1.10)
Ap

The thermal loading cannot be directly applied to a lifetime model as a result of its
dynamical nature and therefore a counting algorithm is necessary [61]. The counting
algorithm extracts the discrete values of the variables of interest, i.e., the junction
temperature variation amplitude AT}, the mean junction temperature 7} ,,cqn and the
cycle period t,, for the amount of cycles contained in the stress range, n;. The working
principle of the algorithm is the counting of the load reversals and each obtained cycle is
defined as a hysteresis loop in the stress/strain plane. Each of these hysteresis loops have a
strain range and a mean stress associated with it that can be compared with the constant
amplitude [51|. The main working principle of the algorithm is depicted in Figure 1.15

Strain

=
e |

D
EKF
- HV Time

G

Figure 1.15: Working principle of the rainflow algorithm

it can be observed in Figure 1.15, that the load reverses at point B and the material will
therefore unload elastically onto point C. When the load is reapplied from point C to D the
material will be assummed to be elastically deformed in a magnitude which corresponds
to that of point B, which is remembered from prior time history and the deformation
continues along the path from A to D as if step B to C never occurred. A flowchart of
the entire workflow, which is needed to obtain a lifetime prediction of power devices, is
shown in Figure 1.16. Initially, the environmental factors contained in the mission profile
need to be translated into the thermal loading profile of the power devices. Secondly, the
irrational loading profile needs to be categorized into quantities, which are applicable for
the lifetime model by means of the rainflow algorithm. Thirdly, the number of thermal
cycles, which the module is able to withstand, is calculated and then compared to the
amount of extracted cycles via the counting algorithm. With the comparison of the number
of cycles to failure and the amount of extracted cycles, the accumulated damage caused
by applying the mission profile to the PV-system is obtained. In the end, the lifetime
expectancy can be obtained from the results of the accumulated damage. The complete
methodology is used in the project to obtain a lifetime expectancy of the IGBT power
modules operating in the two-stage PV-inverter.
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Figure 1.16: Flow chart of the lifetime estimation

1.5 Lifetime estimation of DC-Link capacitors

DC-link capacitors serve as an important part of the PV inverter in terms of size, cost
and lifetime. Its main functionalities are to reduce the DC-link voltage ripple, absorb
the harmonics and provide energy storage when needed. The DC-link capacitors chosen
for this particular system is the electrolytic capacitors because of their simplicity and
their relatively good cost-effectiveness [70]. The use of this specific type of capacitors
introduce some reliability related challenges, such as their tendency to degrade as a result
of electrolyte evaporation and electro-chemical reaction, which is highly dependent on
the applied electro-thermal stresses [2]. The main source of electro-thermal stresses is
the internal self-heating caused by the losses, which are generated by the ripple currents.
Not only will the self-heating inflict a rise of the hot-spot temperature, it can also lead
to an increase in the equivalent series resistance, which will induce increased losses and
thereby accelerate the ageing process [70]. As a consequence, when designing the DC-link
capacitors, lifetime is one of the main aspects to consider, which both depends on the
inherent capabilities of the capacitor but also on the field operating conditions [56]. The
first step to obtain the lifetime of the DC-link capacitor, is to determine the harmonic
current spectrum in the DC-link. The harmonic spectrum depends on both the topology
on the input side and the topology on the output side, which both contribute to the
overall harmonics as shown in Figure 1.17 [79]. In general the spectrum consists of low-
order harmonics as a result of unbalance between input and output power and high-order
components generated by the switching of power electronic components. The root mean
square (RMS) of the current in the entire spectrum influences the thermal loading of the
capacitor and therefore also the reliability [46]. At each given frequency in the spectrum,
the power loss is the product of the ripple current and the equivalent series resistance
(ESR), while the entire power loss is its summation of the whole frequency range as shown
in equation (4.3) [72]
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Figure 1.17: Harmonic spectrum consisting of a combination of unbalance in input power
and output power and high order switching components

n

Pross = Z[ESR(fZ) ) Igms(fl)] (111)

=1
where ESR(f;) is the ESR at frequency f;, Irms is the RMS value of the ripple current
evaluted at the same frequency, f;. The hotspot temperature is the sum of the internal
temperature rise as a consequence of the current stress and the ambient temperature and

can be calculated as [75]

n

Ty, =Ta + Rpa Z[ESR(fZ) Igms(fz)] (112)
i=1
where T}, is the hotspot temperature and T, is the ambient temperature. R}, is the total
thermal resistance from hotspot to ambient, which consists of two thermal resistances, one
from hotspot to case and one from case to ambient. The thermal resistance values are
either provided in the manufacture datasheet or determined experimentally

Electro-Thermal Modelling

! 1
: . " :
Mission Profile | Pooss :;[nsmn Tma(£0)] Th="Ta+ /c,m-;[/v:sn(m- L (£0] : Hotspot Temperature
Riikled —
: H

FFT Analysis of the

Capacitor Power Loss Modelling Thermal Modelling

Ripple Current

Figure 1.18: Electro-Thermal Modelling of Capacitors

from the obtained thermal loading profile the lifetime can be estimated by widely used
lifetime model, which is given as [54]

— To—T
Vv ) P1 9 0—Th

Ly=1Lo- (70 7 (1.13)

where Lg, Vi, V, Ty and T}, is the rated lifetime, rated voltage, applied voltage, rated
temperature and hotspot temperature. For the electrolytic capacitors the parameter
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denoted p; is usually in the range of 3-5 whereas the parameter po is often at a value
of 10 [54]. Some characteristics of the capacitor change during its lifetime such as the
ESR, so it can be argued that the damage should be accumulated in a nonlinear fashion
but as the rated lifetime, Lg is obtained with a constant stress profile the change of these
characteristics is already taken into account when obtaining the rated lifetime. For long
term operating conditions, the Miners rule can be applied [28§]

n

(1.14)

in which /; is the duration of the applied operating profile while Ly ; is the time to failure
calculated in (1.13), from the specific stress conditions applied from the profile. End-
of-life is reached when the damage D = 1. If the predicted lifetime does not fulfill the
requirements, different configurations such as number of paralleled capacitors and other
types of capacitors will be examined. With the accumulated damage at hand, the static
equivalent of the hotspot temperature can be determined, which will provide the foundation
of carrying out an uncertainty analysis, as explained in section 1.2. The static equivalent is
the most probable value the hotspot temperature will have, i.e. the mean of the probability

function, as depicted in the flowchart presenting the damage accumulation shown in Figure
1.19
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Figure 1.19: Flowchart of how the accumulated damage is obtained

With the main theory in terms of the reliability of the prone-to-fail components at hand,
the overall objectives of the project can now be stated.

1.6 Project objectives

The main objective of this project is to apply the general theory presented in this
chapter on a specified PV inverter. The lifetime of the entire system, is to be
determined by means of in-depth reliability analysis. When the lifetime of each
subsystems is determined, the reliability critical components can be identified
and the owverall system reliability can be obtained. Additionally design for
reliability concepts will be incorporated in the analysis throughout the report.
The design for reliability aspect will consist of analysing which configurations
and choice of components will improve the reliability of the system.
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1.7 Methodology

The first step is to get the complete system specified. As the type of renewable source has
been decided, next step is to choose at which part of the power system, is this particular

subsystem located. The voltage levels and the amount of processed power depends on the

system being located on transmission or distribution level. With the overall framework

clarified the methodology used to obtain the lifetime of the PV inverter can be summarised

as

Uncertainty analysis

Reliability block diagram

Simulations and experiments

Mission profile based lifetime estimation

Modelling and control of each subsystem is developed
Electro-thermal modelling of the relevant components

Each step described will be thoroughly explained later in the report and the workflow of

the entire method is depicted in Figure 1.20
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Figure 1.20: Methodology flowchart to obtain lifetime
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1.8 Problem statement

In the introduction it was concluded that renewable generation is becoming the preferred
source of production of electricity. It was also concluded that two-thirds of the net
installations in 2018 were renewable based, which marked the seventh consecutive year,
where renewable installations were above 50 %. One of the key technologies used to obtain
a renewable based energy supply, is power electronics, which constitute a substantial part
of the power system and is widely used with renewable power generation. It was shown
that power electronic converters are identified as the most fragile sub-systems, and does
therefore constitute the bottleneck of the entire system, in terms of reliability. Not only will
the fragility of power electronic components alter the cost of energy conversion negatively
but also induce the risk of a reduction of delivered energy due to system downtime. It
is therefore of utter importance to be able to estimate the lifetime of power electronic
systems and thereby increase the availability by means of predictive maintenance, which
results in lowering the Levelized-Cost of Energy (LCOE).

Finally, it was also concluded that PV is the globally most preferred technology in terms
of most installed renewable power generation and PV inverters are also identified as the
assemblies which have the highest failure rate compared to other parts. It is therefore
highly relevant to perform in-depth reliability analysis on a PV inverter, which leads to
the following problem statement.

Is it possible to obtain mission profile based lifetime estimation on a grid-
connected PV inverter and thereby identify the critical components in terms
of reliability

The following aspects are covered in order to perform an coherent analysis

e Real field environmental data are used as loading profile to obtain results which are
in accordance with real operational PV generation systems

e Uncertainty aspects of both electrical parameters and lifetime model parameters are
incorperated in the analysis, in order to obtain realistic lifetime predictions

e Design for reliability will be incorporated to optimize the reliability of the system
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System Specification and
Modelling and Control

In this chapter, the system is specified in terms of used components, its
dimensions and its ratings. Additional both stages are modelled and their
controlled methods are developed to provide the ability to manipulate the stress
on the components according to the applied mission profile

2.1 Initial considerations

As a starting point a 12kVA inverter was chosen, because a physical converter of this
rating was available for laboratory testings and validation of the obtained results. From
that starting point the dimensions of the renewable energy source, i.e. the PV array could
be determined. The sizing of the PV will influence the amount of output power and
therefore also the amount of stress applied on the power electronic components.

Power Flow
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Figure 2.1: The concept of PV Array Sizing Ratio
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A common approach is to oversize the PV-array in to respect to the converter rating in
order to obtain a wide-scale utilization of such systems, as the PV-array rarely operates
at its ratings due to insufficient available solar irradiance. The amount of surplus loading
very much depends on the installation site, which also impacts the converter lifetime. In
Denmark, the solar irradiance is relatively low during winter time compared to summer
time and in countries with this type of changing weather during the seasons, the converter
lifetime is highly dependent on the sizing of the PV array [62]. The concept of PV array
sizing and the delivered power is depicted in Figure 2.3. In this project it is chosen to size
the array conservatively, so its output power matches the rated power of the converter.
Now that the rating of the array is fixed the configuration of it is to be determined in
terms of number of paralleled strings and how many modules are connected in series in
each string. Initially the DC bus voltage is to be determined with the goal of having a
suitable output voltage of the PV-array configuration. In order to be able to create the
grid voltage, the DC-link voltage has to be off magnitude of at least the peak value of the
line-to-line voltage

Vocmin = V2 V3 Vipase = V2 V3230V ~ 563V (2.1)

In order to avoid modulation issues, a considerable margin also has to be included and
the DC bus voltage is therefore chosen at 750V. The output voltage of the array should
be considerable below the DC bus voltage as the DC/DC stage will control and boost the
output voltage of the PV array and the output voltage of the array is therefore chosen at
600V.

2.2 Sizing and modeling of the PV array

The PV multicrystalline module BP365 is used in this project due to having access to all
its data specifications and its availability in the used simulation software, which is used
throughout the project. The electrical characteristics of the BP365 module is summarized
in Table 2.1

In order to reach an output power which is in accordance with the rated power of the
inverter, the following numbers of modules is needed

Piny  12000W
Prow  65W

Photovoltaic (PV) modules are often connected in series strings to increase the input DC

NPV = ~ 165 (22)

voltage, which is applicable for the PV inverter. The number of modules connected in
series in each string can be determined by dividing the total desired output voltage of the
array with the voltage available at maximum power operation of each individual module
Vpe 600
Vi 176

and finally the amount of needed strings can be obtained by dividing the total amount of

Nseries = 34 (23)

modules with the amount of modules in each string
Npy 165

=— =5 2.4
Nseries 34 ( )

Nstrings =
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Electrical Characteristics of BP365 PV Module
Maximum Power Py, 4 65W
Voltage at Maximum Power V,,, 17.6V
Current at Maximum Power I, 3.69A
Warranted Minumum Power Py, 44 60W
Short Circuit Current Ig¢c 3.99A
Open-Circuit Voltage Voo 22.1V
Temperature Coefficient of Is¢ (0.065+0.015)%/°C
Temperature Coefficient of Voo -(80£10)mV /°C
Temperature Coefficient of Power -(0.54+0.05)%/°C
NOCT 47+ 2 °C
Number of Cells In Series 36
Boltzmann Constant, k 1.38:107% J/m*K
Standard Test Condition Temperature, Tsrc | 298.15K
Elementary Electron Charge, ¢ 1.602-10~C
Silicon Band Gap Energy, E, 1.810719J

Table 2.1: Electrical characteristics of the used PV module

With regards to the electrical circuit modelling of the PV-module it should account for
the non-linear I-V characteristics, which is an effect of the temperature and the insolation
strength. The essential circuit elements is a single diode in parallel with a current source,
which output is proportional to the solar irradiance applied to the module. Adding some
resistance to the circuit will take into account the power loss as a result of circulating
current will complete the model. The precision but also the level of complexity increases
as the number of diodes and resistors increase. In this project where the modelling of
the PV module is not the main focus, a single diode equivalent circuit seems to provide
a reasonable trade-off between precision and simplicity [12|. The single-diode equivalent
circuit is governed by a non-linear equation with five unknown parameters, which are the
photo-generated current, I, the diode ideality factor, n, the dark saturation current of the
diode, I,, the series resistance of the module, Rs; and the shunt resistance of the module,
R,. The single-diode circuit diagram is shown in Figure 2.2

Ln(S1) R, Y

Figure 2.2: Single-Diode Equivalent Circuit for PV Module
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Applying Kirchoffs current law (KCL) on upper left node the following expression for the
output current, ¢ is obtained

vtRs-i 71) 7’U+Rs'i

i = D — g — iy = In — Lo (€7 (2.5)
Rp

where the current through the diode, ig and the current through the shunt resistor, i, is
stated explicitly. Ny is the number of series connected PV cells in the module and V, is
the thermal voltage of a single cell, which can be expressed as

Vi, = — 2.6
=" (2.6)

where k is the Boltzmann constant, T is the standard temperature in Kelvin and ¢ is
the electron charge. There exist research with numerous different ways to determine the
unknown parameters, where most of them is in terms of direct analytical expression, which
depends only on datasheet values [68]. The method adapted in this project involves direct
analytical expressions with the aid of datasheet values to determine Ip;,n and I, whereas
R, and R, are estimated using the Lambert-W function. The adapted method was first
proposed in [26]. Initially is should be noted, that the operating module temperature used,
T, in the following expressions is related to the ambient temperature by

(NOCT — 20)
0.8

in which G represents the amount of applied solar irradiance, NOCT is the nominal

T=T,+ (2.7)

operating temperature of the module, which is provided in the datasheet. Now consider
equation (2.5) under short circuit condition where i = I, and v = 0, then the following
expression is obtained

Rs-Igc ) R I (2.8)

Isc: ph—Io<€m -1 Rp

and with the knowledge that I, being in the proximity of zero and that the last term is
negligible, as a result of the ratio of the two resistances is small when compared to the
photovoltaic current, makes the following assumptions valid

Iy = I (2.9)

where the value of the short circuit current can be found in the datasheet. Consider now
equation (2.5) under open circuit conditions where ¢ = 0 and v = V,,. the following is
obtained

Ve

VOC
0=1In—1 (e"'NS'Vth - 1) “ R,

(2.10)

VOC
and by adopting (2.9), noting that Ipp»V,e/R, and e"NsVin — 1 » 1 following is obtained
—Voc
I, = IemNsVin (2.11)

The formula used for obtaining the diode ideality factor consists solely on the temperature
coefficients given in the datasheet and can be expressed as [18]

o, — Voc
n= ® Isro (2.12)
NV, (20 — 3 — Eg
SVth\ T, — Tsrc ~ KIZpq
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where «,, is the open-circuit voltage temperature coefficient, «; is the short-circuit current
temperature coefficient, F, is the silicon energy band-gap, k is the Boltzmann constant
and Ej is the silicon band gap energy. All the values for the before mentioned coefficients
is avaliable through Table 2.1. Finally the series and shunt resistance of the module is
given as [26]

xnViy, — Vupp

R, = M = Vurp (2.13)
Inpp
and
xnVip,
R, = 2.14
P Ly — Inpp — In(e® — 1) (2.14)

where Vs pp and Iy pp is the maximum power point voltage and current respectively. The
coefficient x is given by

VMPP(VQM%DPZ*Q"Vth)
_ 2Vurr  2Vipp n W{ Vipp(2Iypp — Ipn — Io)e s Vin

T ANV n2N2VE nNI,Vin

(2.15)

where W{...} denotes the Lambert-W function, which is a means to solve functions of

the particular form y = ze”.

The Lambert function was evaluated using the software
MATLAB®. The PV parameter values obtained using the presented theory is shown in

Table 2.2

Obtained Electrical PV module Parameters
Photo generated Current I, 3.99A
Diode Ideality Factor n 1.186
Dark Saturation Current of the Diode I, | 7.1- 107%A
Series Resistance R, 0.112
Shunt Resistance Rp 157.68 Q2

Table 2.2: Electrical Characteristics of the Used PV Module

Obtaining the parameters is not going to fully emulate the behaviour of the PV modules
as environmental conditions dictated by the temperature and solar irradiation variations
does also need to be accounted for. In order to do so, the photovoltaic current, I, will be
made dependent on solar irradiation and the dark saturation current of the diode will be
made temperature dependent. In this project, it is assumed that only the photo-generated
current and the dark saturation current are dependent on environmental conditions. First
the temperature dependent short circuit current is presented, as it is needed to obtain a
temperature dependent saturation current I,(T) [64]

Lo(T) = Loe[1 + 15 (T = Tsro)| (2.16)

and the temperature dependent open circuit voltage is given as

‘/oc(T) = Voc + av(T - TSTC) (2.17)
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and the thermal voltage as

T

T =V,
Vin(T') i

(2.18)

which provides the knowledge of the temperature dependent dark saturation current can
be expressed as

—_ _VOC(T)

Voel T) R&&sz)ezﬁﬁﬁﬁﬁ (2.19)
Ry

the temperature dependent photo-generated current is then described as

_ Voc(T) Vo (T
Ip(T) = 1,(T)enNsVin(™) 4 M

1,(T) = (Le(T) -

(2.20)

the final expression for the photo-generated current with the inclusion of the solar
irradiance dependency is simply obtained by the multiplication of the solar irradiance

1n(G.T) = L(T)G (2.21)

Finally the expression which describes the i-v characteristics of the PV module, (2.5) can
be expressed in terms of temperature and solar irradiance

v+Rgi ;
1)—”+R“ (2.22)

i = Ipn(G,T) — 1,(T) (e”NthMT) — 7

P

It can observed that the equation describing the i-v characteristics contain an algebraic
loop, which complications is dealt with in simulation by inclusion of a loop filter. The PV

module is now specified and the electrical characteristics are modelled as shown in Figure
2.3

| |
| |
! ! Vurp
| |
| |

(St t R, v

Two-stage PV-inverter

A
IGBT Modules L, Filter Lg\ PCC
W_M\—I
PV Modules Cdf% J$ — e -
= IEDEVVEN ’\N\—l \
L1l ;
TTIT -

Figure 2.3: PV System With Emphasize on PV Model and Specifications
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2.3 Modelling of DC/DC stage

The PV array provides a maximum power output for a particular loading condition at
a certain reference voltage across its terminals, which is known as the maximum power
point (MPP) [25]. The MPP tracker make use of an algorithm which generates the MPP
reference voltage. The DC/DC converter is controlled to track the MPP output of the
PV array and thereby utilize as much of the generated energy as possible. The equivalent
circuit of the well known boost topology is shown in Figure 2.4

Ip[/ VpV LBoost RBoost
> Y

N
L1

= Cye

\|

PV Array Eﬂ Cpv== SJK?

Figure 2.4: Boost Converter Equivalent Circuit

The capacitor Cpy is connected across the PV array to reduce the ripple produced by the
inductor. The DC link capacitor at the output terminals has the main purpose of making
the DC voltage stiff, by making it less vulnerable against load current changes but the
capacitors also helps to maintain a proper energy balance between the PV array and the
AC grid during transient disturbances. The switching is realized by means of an IGBT
based DC chopper module with a high efficient diode from a leading manufacturer |32].
The most relevant preliminary data is summarised in Table 2.3 and the circuit diagram of
the module is shown in Figure 2.5.

IGBT DC chopper power module
Parametrics DF120R12W2H3 B27
Configuration Chopper
Rated collector-emitter voltage Vog 1200V
Rated continuous collector current Ic nom 40A
Rated repetitive peak collector current Icgas | 80A for ¢, = Ims
Rated gate-emitter peak voltage Vg +20V

Table 2.3: Preliminary data of the DC chopper power module [32]

The modelling of the boost converter is based on the state space principle as proposed in
[22]. Initially the state equations are obtained for each operational subinterval by means
of elementary circuit analysis performed on the circuit shown in Figure 2.4.
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|

Figure 2.5: DC chopper power mpdule circuit diagram

When switch, S is operating in on-state following expressions can be obtained for the
inductor voltage and the input capacitor current

dvpy
dt

di
CPV = ipv —1 and sz = Vpy — Rboost -4 — Ron -1 (2.23)

where, Rpy0st is the inductor resistance, ipy is the current delivered by the PV array, R,y
is the on-state resistance of the IGBT and ¢ is the inductor current. When switch, S is
operating in off-state following expression can be obtained for the inductor voltage and
the input capacitor current

d di
vry = ipv —1 and LfZ = Vpy — Rboost “f— Vde — VD (2.24)

Crv—gi dt

where Vp is the diode forward voltage. The two set of state equations are now averaged
for a entire switching period and small pertubations around the steady-state value are
included. The transfer function, which describes the dynamical relation between the small
pertubation value of the PV array output voltage, vpy and the converter duty cycle, d
is presented in (2.25). For detailed walktrough of the state-space averaging calculations
please refer to [22]

~ —Ks
vpv LC
Ghoost(s) = —t- = ———LPV (2.25)
d S+ T+ oy

where the two constants K; and K»s are giving by
K1 = Rpoost + RonD and Ko = Vg + Vp — Ronl (2.26)

Where D is the steady-state duty cycle of the boost converter which is expressed as [22]

Dzl—ﬂzl 600

——=0.2 2.27
Vbe 750 ( )

2.3.1 Design of Passive Elements

The inductor and the capacitor will be designed based on operational restrictions on the
ripple ratio with respect to their steady-state values. Equating the expression for inductor
ripple current with a ripple restriction of less or equal to ten percent

Ai  D(1 - D)*T,R

T =——7 % 10% < L>10D(1— D)*T,R (2.28)
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The active switch is switched at 20000kHz which results in a switching period of Ty = 50us

and the inverter can be expressed as a load as its role is to control the amount of current

injected in the grid
2T

R =

~ 470 2.29
Piny 12000 ( )

With these numbers in hand the inductance value obtained is L > 3mH. As previously
stated, the input capacitor, Cpy main purpose is to filter out the current ripple introduced
by the inductor and the capacitance can therefore be determined on the basis of the ripple
current requirements and the maximum allowed voltage ripple, which in this case is chosen
to be 3% of the steady-state value, i.e, AVpy = 18V

ATy

S AVpr T34 (2.30)

Cpyv

2.3.2 Modified PI method used for control of the boost converter

Regular Pl-controllers are often used to control DC/DC converters and they serve the
purpose of eliminating the steady-state error by introducing a pole at origin. The pole
at origin provides infinite dc gain and as the available gain increase, the error decreases.
Regular PI-controllers does also inherent the negative aspect of reducing the phase margin
of the system and therefore make it more susceptible to become unstable, when the system
is of second order as is the case in (2.25) [27|. Instead of using a regular PI-controller a
modified k-factor controller is used in order to obtain higher phase margin. This method is
also known as a loop shaping technique in where the transfer function is shaped to obtain
some pre-specified dynamical performance requirements.

Open Loop Frequency Response of Boost Converter
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Figure 2.6: Frequency response of the boost converter
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The dynamical performance is very much dependent on the bandwidth of the system and
therefore a suitable cross over frequency needs be determined. The bandwidth should be
chosen to be well above the resonance frequency of the converter to obtain a fast response.
At the bandwidth should at the same time be limited to be 1/10th of the switching
frequency to avoid amplification of the high order switching noise. Hence, w.. = 10000
rad/s seems to be a suitable choice, when observing the open loop frequency response
shown in Figure 2.6. At the the chosen cross over frequency, w.- the phase is at -179.9
degrees and there is no available phase margin in the uncontrolled system. If a regular PI
was used an additionally 90 degree phase lag would be introduced and the system would
inherent high tendency of becoming unstable. What is needed is a controller which is able
to boost the phase and remove the phase lag at the chosen cross over frequency in order
to achieve a desired phase margin, which a type III k factor controller is capable of

Go(s) = 5@ (2.31)

where
wy < wp (2.32)

This type of controller can be designed accurately for a specified phase margin and
cross over frequency instead of using zero-pole cancellation. As the integration part is
introducing additional phase lag a type III is chosen which has a double zero pair and
a double pole pair, which makes it capable of introducing a phase boost of ¢poost > 90
degrees. The main idea is to place the zeros at an appropriate location so the phase boost
occurs at the chosen cross over frequency, adjust the constant gain to shift the frequency
response up in order to achieve the required bandwidth and also to place the pole pair
at high frequency in order to attenuate the high frequency switching noise. The gain and
phase characteristics of the controller is shown in Figure 2.7
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Figure 2.7: Gain and phase characteristics of type III K-factor controller
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The desired phase margin is chosen at 60 degrees, which will ensure a highly stable system
and which was made achievable as a controller with a double zeros was chosen. The phase
margin is defined as the phase of the open loop system evaluated at the cross over frequency
plus 180 degrees and is essentially how many degrees the system is above the -180 point.
With that in mind an expression for the phase boost needed can be obtained, ¢poost

Pm = ¢sys + ¢c + 180 = Qbsys —90 + gbboost +180 & ¢boost = Pm - Qbsys - 90 (233)

where the -90 degrees included, is the phase lag introduced by the integration part of the
controller. As there was no phase margin in the uncontrolled plant the obtained value for
the needed phase boost was 150 degrees. In order to ensure that the maximum value of
the phase boost occur at the cross over frequency, it should be located at the geometric
mean of the added zeros and poles [48]

Wer = /W5 - Wp (2.34)
the locations of the added zeros and poles is then determined as

Wer

— . _ 2
and wp=— as w,-wp = Wy, (2.35)
Wer

Wy =

as k, which is nothing but a measure of seperation, is increased the further the zero and
the poles will be apart and the larger a phase boost is obtained. An expression for the
constant k can be obtained as [48]

Jwer

1
Pboost = ZTJ.:}J; = tan™" (%) —tan™! (%) (2.36)
wp & P

substituting the known relations from (2.35) into (2.33) the following is obtained

1

Opoost = tan~! (k‘) —tan~? (E) (237)
and by means of the fundamental triogonometric relation [37]

-1 —1 1 o

tan (9:) + tan (7) =90 (2.38)
x

expression (2.37) can be written as

d)boost =2 tan_l(k) - 900 (239)

but as this is derived for a single zero-pole pair and for our case which has a double
zero-pole pair the expected phase boost is twice the obtained value

Pboost = 4 - tan—l(k) — 180° (240)
and finally isolating for k£ results in
k= tcm(% + 450) (2.41)

as the needed ¢po0st Was previously determined to 150°, k is = 7.6, which results in the
following zero and pole locations w, = 1316 rad/s and w, = 75958 rad/s. The controller
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gain, which should guarantee the desired cross over frequency, is obtained by observing
the magnitude of the open loop gain, |G| at the cross over frequency with the designed
controller and k. initially set at 1. The final controller gain value is the multiplicative

inverse of the obtained open loop gain

. 2
1 (1 ]Zii’") .
ke = 1/‘ . - 2" Gboost(]wm‘) (242)
JWer (1 + chr)
Wp

and the value obtained for k. is 1.81. With all the controller parameters determined the

open loop frequency response is computed and shown in Figure 2.8

Open Loop Frequency Response of Boost Converter
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Figure 2.8: Frequency response of the open loop system

As it can be observed in the frequency response, the obtained phase margin is 60° and
the obtained bandwidth is 10000 rad/s, which exactly is the previously stated desired
characteristics.

2.3.3 Pertubation and observation MPPT algorithm

The peturb and observ (P&O) algorithm is used for tracking the maximum power output
of the PV array. The main principle is to perturb the voltage and observe how this change
influence the power output as shown in Figure 2.9. If an increase in the output power of
the PV array occurs when pertubation is done in one direction, then the pertubation is
continued in the same direction and if the case is the opposite then the pertubation will
be reversed. In other words, this is a continuous process of determining the voltage of the
PV array, which will produce the maximum power output [33]
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Figure 2.9: Perturbation and Observation MPPT Principle

The operational principle of the P&O algorithm is elaborated through means of the
algorithm flowchart, which is shown in Figure 2.10

Obtain V(k) and I(k) from
PV panel and
Compute P(k) = V(k)-1(k)

\d
Delay V(k) and P(k) by one
sampling instant, V(k-1)
and P(k-1)

\i
AP = P(K)-P(k-1)

AV = V(K)-V(k-1)

Figure 2.10: The principle of the pertubation and observation algorithm
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Finally, the different output characteristics of the designed PV array is presented. The
i-v and p-v curves are presented for four different levels of applied solar irradiance and for
four different ambient temperatures as shown in Figures 2.11 and 2.12

Current Voltage Characteristics of the PV array
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Figure 2.11: Current and Voltage Characteristics of the PV module for different solar
irradiance intensity and different temperatures

Power Voltage Characteristics of the PV array
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Figure 2.12: Power and Voltage Characteristics of the PV module for different solar
irradiance intensity and different temperatures
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The modelling and control of the DC/DC stage has not been outlined and the equivalent
circuit along with the control scheme is shown in its entirety in Figure 2.13
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Figure 2.13: Model and Control Scheme Used in the DC/DC Stage

2.4 Modelling of DC/AC stage

The power is at this stage transfered to the dc link where DC/AC power conversion
is needed in order to feed the power to the grid. In this project, an ordinary 2-level
voltage source converter (2L-VSC) is the topology used for realization of the DC/AC
power conversion. A cascaded control structure method, based on instantaneous power
theory, is adapted, where current is fed into the grid at unity power factor. The 2L-VSC
consists of six IGBTs, which each inherent a free-wheeling diode as shown in Figure 2.14.
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. Jl%? .

Figure 2.14: Circuit Schematic of the 2-Level Inverter

The inverter is realized by a power module from a leading manufacture [31]. The most
relevant preliminary data is summarised in Table 2.4

IGBT Based Inverter Power Module
Parametrics FS50R12KT4 B11
Configuration Sixpack
Rated collector-emitter voltage Vog 1200V
Rated continuous collector current Ic ,om 50A
Rated repetitive peak collector current Icrpr | 100A for t, = 1ms
Rated gate-emitter peak voltage Vgg +20V

Table 2.4: Preliminary Data of Sixpack Inverter Power Module [31]

2.4.1 Rotating reference frame theory

With the aim of applying linear controllers to sinusiodal quantities, a reference frame
transformations is needed. The main concept is to project the three-phase quantities into
a space vector, which can be transformed into the rotating reference frame. A conceptual
representation of the three-phase projected into a space vector is shown in Figure 2.15
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Figure 2.15: Conceptual illustration of the space-vector projection

In order to obtain time-invariant signals, which can be controlled by linear controllers,
the reference frame needs to rotate in synch with the fundamental frequency as shown in
Figure 2.16

This is realised by transforming the abc components into two components, q and d, which
are separated by 90° and which are rotating at angular velocity, w. The transformation
from abc to dq0 can be obtained by applying following state transformation matrix [krause]

fa cos(0) cos(0 — 2%) cos(0 + %’T) fa
fil = 3 —sin(0) —sin(0 —2) —sin(0+ )| | f, (2.43)
i IR =

for balanced systems the zero component is non-existing and the transformation simplifies
to

fabe = (fa+ 5 fq)e’ (2.44)

With the reference frame theory clarified a space vector representing the three phase

quantities as shown in Figure 2.15 is defined as
Jabe = -FmejgabC (245)

where F},, represents the magnitude of the three phase signals. Transforming the space
vector onto the rotating reference frame by means of vector projection the d and q
component can be obtained as

1= Re ( fa'l;c

- ) — Fycos(Bape — 6) (2.46)
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fabc o
fo= Re(ej9+90°) = F,co8(0gpe — 0 +90°) (2.47)

A Im

Figure 2.16: Conceptual representation of the rotating reference frame

By observing equations (2.46) and (2.47) it can be observed, that in case of same angular
frequencies of the abc quantities and the rotating reference frame, then f; and f, will
appear as DC values and additionally f, is zero. This fact will be utilized to align the dg-
reference frame with the 3 phase voltages and thereby apply conventional linear controllers
to control the currents. Additionally if the grid voltages are aligned with the d-axis, the
power can be injected in the grid at unit power factor. In the case of the voltage and
current phase difference, the ¢4 and i; components are defined as [35]

ig| | Imcos(6)
[iq] N [—Imsin(é)] (248)

where ¢ is the power factor angle. The expression for complex power, s = v - ¢*, can be
expressed by means of vector notation in the rotating reference frame as [36]
2 5 o o o
v = 3 <Ua + 0?1297 4y eI210 ) (2.49)
s _ 2. - §120° | - j240°
=3 (za + ipe’ + 3.6’ ) (2.50)

Substituting expression (2.49) and expression (2.50) into the expression for complex power
[35]

2N\21 . ) ) o1 ) ) .
5§ = (5) [vaza + vplp + Vele + j%(vabza + Vpelp + Veale) (2.51)

Seperating the active power part and the reactive power part results in

P = 414 + Upip + veic (2.52)
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1
V3

Transforming the two expressions for the active and reactive power into the rotating

Q= (Uabia + Upelp + Ucaic) (2.53)

reference frame one obtains

3, ,
P = i(vdzd + v4iq) (2.54)

Q = 5 (vgia — vai) (255)

if the rotating reference frame is rotating at synchronous speed in respect to the 3 phase
voltages, the g-component is zero, vy, = 0. If a phase difference between the voltage and
the current is present, which implies that ¢, # 0, the active power and reactive power in
the rotating reference frame simplifies to

3

P = Zuiia (2.56)
3
Q= — 5 Vdlq (2.57)

which illustrates, that the active power can be controlled solely by controlling the d
component, iy, and the reactive power can be controlled solely by controlling the g-
component, iq. [35] [59]

2.4.2 LCL filter design

To ensure power quality, which is consistent with the grid standards, a filter is introduced in
the system. A commonly used filter configuration, used for attenuation of the harmonics
generated by the converter, is a LCL type filter. As the LCL filter is of third-order
it attenuates with 60dB/decade, at frequencies above the resonance frequency and does
therefore have a high ability to cut off the high frequency components. Besides providing
a superior attenuation, relatively to a type L filter, the LCL filter can also be designed
with small inductance and capacitance values. The single phase representation of the a
LCL type filter is shown in Figure 2.17 [38].

L, L

T
Figure 2.17: Single phase representation of LCL type filter

where L. denotes the converter side inductor, Ly denotes the grid side inductor and CYy
denotes the filter capacitor. Several considerations should be made when designing a filter
such as allowed ripple ratio, correct damping of the system to avoid resonance issues and
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the consistency with grid standards. In this project the design procedure will be outlined
without further considerations, as this is not the major purpose of the project. Initially
system base values is used to aid the design of the filter, the obtained base values are
presented in Table 2.5.

The filter is designed step wise where first step involves the determination of the converter
side inductance, L., which is determined on the basis of the maximum allowed ripple
current on the converter side [11]

Base Values Used for Filter Design
Base Power, S 12000kVA
Base Voltage, V, 400V
Base Current, I, (Sy/Vj) 30A
Base Radial Frequency, wy 314 rad/s
Base Impedance, Z, (V;?/Sh) 13.33 Q
Base Inductance, Ly, (Z}/wp) 42mH
Base Capacitance, Cp (1/(Zp - wp)) | 238uF

Table 2.5: Base Values Used for Filter Design

1 Vi

AImaac:EL f
c'Js

(2.58)

where Alnq. is chosen as 10% of the fundamental magnitude, which results in Alq: =
0.1-I, = 3A. n = 12 for a two-level converter modulated by space vector modulation, which
is the case in this project. Inserting the values and rearranging the expression results in
a value for the converter side inductance of 2 mH. The remaining part of the harmonic
attenuation is realized by means of the grid side inductor, L,, and the filter capacitor,
Cy. The relation between the input current and the output current of the filter can be
expressed as [3§]

ig(hsw) _ Z%C

i(hSM) B |w7%es - wgw

(2.59)

where w5 is the resonance frequency expressed in radians, wg,, is the switching frequency
expressed in radians and 27, = [Cy-Ly]~!. The capacitor size is limited by not influencing
the power factor, when the converter operates at rated power and in general this amounts
to a limitation of less than 5% of the absorbed reactive power at rated conditions. In this
project a percentage of 3% is adopted [3§]

Cp=x-Cyp=0.03238uF = 7.16uF (2.60)

The grid side inductor is designed accordingly to the desired relation between the harmonic
attenuation at the converter side and grid side. The grid side inductance can therefore be
expressed in terms of the the ratio of the converter side inductance [38|

Ly=71-Le (2.61)
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The ripple attenuation relation (2.59) can be rewritten, when considering relation (2.60)
and (2.61), as

ig(hsw) _ 1
i(hsw) |14+r(l—a-x)

(2.62)

where a = L.Cyw?, and x is the percentage of reactive power absorbed under rated
conditions. Adopting a ripple attenuation on the grid side of 20%, in respect to the
converter side, amounts to a left-hand side of 0.2. Rearranging the expression, then the
inductor factor, r, can be determined to have a magnitude of 0.49, which amounts to a
grid side inductance 1 mH. Before settling on the obtained values for the inductors and
capacitors, the resonant frequency, which will be obtained using these values, needs to be
verified. In order to avoid any resonant issues, the resonance frequency should be located
somewhere in between ten times the line frequency and one-half the switching frequency
[38]

10 - fl < fres < f;w (263)
The resonance frequency can be calculated as
Lo+Ly,
LoLyC
fres = 5 (2.64)
which results in a resonance frequency of, f..s = 1764Hz. The obtained resonance

frequency is well above 500Hz and well below 5000Hz, which verifies the chosen filter
values. The undamped transfer function describing the relation of the converter output
voltage and the grid current can be expressed as

ig 1

g _ 2.65

ve Cp-Le-Lyg-s3+(Le+Ly)-s (2:65)

inserting the obtained filter values in (2.65), the frequency characteristics shown in Figure
2.18 is obtained

Frequency Response of Undamped LCL filter
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Figure 2.18: Frequency response of undamped LCL filter
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it can be observed from the bode plot that a large gain occurs at resonant frequency as a
result of the filter impedance being zero at that given frequency. The resonant gain can be
decreased to some degree by adding damping resistors in series with the filter capacitors.
The choice of damping resistors is a compromise of reducing the resonance gain and not
adding to much resistance in the system and thereby lowering the system efficiency. As
suggested in [23], the damping resistance should be in the same order of magnitude as the
reactance of the filter capacitor when evaluated at the resonance frequency

Rdamp = Xc(wres) (266)

which results in a value of 7.5{2. Using that high a value will not only induce a significant
amount of resistive losses in the system, but also reduce the harmonic attenuation
capability of the filter. An initial value of the damping resistance is therefore chosen
to be 10% of the capacitor reactance, when evaluated at resonance frequency. The transfer
function of the LCL filter with added damping resistance can be expressed as

ig Cr-Rg-s+1

‘g _ 2.67
Ve LC'Cf'Lg-S?’—I-Cf-Rd'(Lg—I-LC)'82+(LC+LQ)‘S ( )

and with a damping resistance of 0.75(2, the frequency characteristics of the filter shown
in Figure 2.19 is obtained

Frequency Response of Damped LCL filter
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Figure 2.19: Frequency Response of Damped LCL filter

It can be observed from the bode plot that resonant peak is significantly reduced as a result
of adding damping to the filter. Unfortunately the harmonic attenuation of the filter is
reduced to 43.5 dB/decade compared to the 60 dB/decade of the undamped filter.

2.4.3 Synchronous frame voltage orientated control

The control method adopted in this project, to control the three-phase inverter, is known
voltage orientated control and is based on a cascaded structure with an inner current
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control loop and an outer voltage control loop. The control is realised in the synchronous
reference frame, in order to utilize the advantage of using simple linear controllers.

2.4.4 Grid synchronization

Phase-locked loop (PLL) is a technique used to synchronize signals. The technique is
commonly used to synchronize the converter output current with the power grid voltage.
The main functionality of the PLL is use an internal oscillator, which tracks the periodical
input signal by means of a feedback loop. The method is superior to the zero crossing
methods, as the avoidance of multiple readings in a distorted signal is met, which is often
the case in presence of switching harmonics [59]. The overall structure of the PLL is
presented in Figure 2.20

V——— > Voltage ,
Phase €pp Loop Vie & v
> . » Controlled >
»| Detector Filter .
Oscillator

Figure 2.20: General structure of a PLL system

The phase detector generates a signal, which is proportional to the phase difference between
the input signal v and the output of the oscillator. The output signal represents the phase
difference of the two signals and requires to be zero difference in order to obtain a perfect
synchronization. A loop filter, with the same characteristics as a low-pass filter, is used to
remove the phase difference and the filter attenuates the high frequency AC components
from the phase detector output. The loop filter can be realized by either a first-order
low-pass filter or a PI controller. Finally, the phase angle is obtained by integrating the
small variation output of the loop filter [59]

For the three-phase system, a PLL system is implemented in the dg-reference frame, where
the three-phase voltages are represented by a vector containing each voltage component.
For a thee-phase balanced system the rotation of the voltage vector is kept at a fixed
speed. The angular position of the reference frame, is then controlled by a PI controller
in a feedback loop, which will regulate the g-component to zero. A synchronous reference
frame PLL is shown in Figure 2.21.
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Figure 2.21: Block diagram of a synchronous reference frame phase locked loop

When the g-axis component,V, is fixed to zero, the rotating reference frame will be aligned
and synchronized with the abc reference frame, which enables the extraction of the phase
angle. Since grid synchronization is not the scope of the project, it will not be further
elaborated. A complete step by step derivation of the PLL transfer function and tuning
of the PLL PI can be found in [59].For compensation of not going into detail with the
subject, simulations of the three-phase sinusiodal voltages, the tracking of the q and d
voltage components and the output phase angle of the PLL is presented in Figure 2.22
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Figure 2.22: Response of voltage components and the phase angle output of the PLL

it can be observed in the Figure that the phase output of the PLL follow the three-phase
voltages and resets for every fundamental cycle.

2.4.5 Grid Current Control

The current references are generated on the basis of how much active and reactive power
is desired to inject in the power grid and the references are therefore calculated by means
of the instantaneous power equations derived in Section 2.4.1. The errors of both the
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active and reactive power are fed to each of their respective PI controller, which generates
the current references. The ig4 reference is also a function of the DC voltage controller
in the outer loop. The calculation of the reference currents are shown in block diagram
form in Figure 2.23 [59]. In this project only the active power reference is manipulated in
order to stress the power electronic components accordingly to each defined operational
condition, whereas during real-life conditions both active and reactive power is needed
to be controlled to maintain the correct grid voltage amplitude at the point of common

connection.
Vdc
Ve K, + !
s
DC-Link
P* Voltage
Controller
F K, + X i
iq P 3 [ ~_ d
v q =5Vqlg
g-s—labc > 2 Q Controller
i -] dq —»| 3 i
Vag [ Q@ =—5va 4 K; i
Kp+ ———>
o Power Q 5
PLL Calculation P Controller
Q*

Figure 2.23: Block Diagram Representation of Reference Currents Calculations

It should be noted that the filter capacitor is not taken into account when designing the
current controllers, which is due to the dominance of the inductors at low frequency. The
dominance of the inductor, at low frequency, is verified in the frequency response, where
both filter configurations is compared, shown in Figure 2.24 [40]
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Frequency Response of LCL and purely L filter
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Figure 2.24: Frequency response of the LCL filter and a L filter

as seen in Figure 2.24, the approximation of the filter being purely inductive at low
frequencies is valid. The filter is then represented as the total inductance of the converter
side inductance and the grid side inductance, when designing the current controllers. The
voltage equation for the AC-side can then be expressed as grid voltage

di(t)

i(t) =L
vi(t) o

+i(t) - e + vg(t) (2.68)

where L; is the total inductance, r; is the total inductor resistances, v; is the converter
output voltage and v, is the grid voltage. Applying the park transformation to equation
(2.68), the rotating reference frame quantities are obtained as

di ) .

Vd = Lthf +iq Tt + Vgq — wliig (2.69)
di ) .

Vg = Ltd—;’ +ig -1t + vgg + whiig (2.70)

it can observed from the two equations (2.69) and (2.70) that each q and d voltage
equation depends on each others current component and to obtain an optimal dynamical
performance, the two components is required to be controlled independently of each
other [3| [47]. The decoupling of the d and q components is done through mathematical

manipulations as shown in block diagram representation in Figure 2.25 [59]
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Figure 2.25: Block diagram representation of current decoupling

The controllers are tuned by means of analysing the current control loop, which consists
of the PI controller, a delay approximation and the L filter as shown in Figure 2.26

l:i —>©—> Gp](S) > GDelay(s) > GFilter(S) iy

T

Figure 2.26: Block diagram representation of the current control loop

where the PI controller is expressed as

K,s + K; Tis+1
G =P "' _Kg .2 2.71
pi(s) . P T (2.71)
where T; = K,/ K;. The filter transfer function can be expressed as
Critter(s) = —— (2.72)
iter (8) = .
Filter LtS Ty

The delay transfer function is taking into account a combination of the computational
delay and sampling delay, which in total amounts to three-halfs of one sampling period

1

Goean(s) = 157551
. S

(2.73)

the open loop is the product of those three transfer functions and can be expressed as [59]

Ky(Tis +1)
= 2.74
G T;5(1.5Tss + 1)(Lys + 1) 2T

45



Group PED4-1048 2. System Specification and Modelling and Control

The controller is designed accordingly to ensure defined stability margins and bandwidth
of the open loop system and damping and overshoot of the closed loop system. The phase
margin should be at least 45° and a gain margin of 10dB to ensure a stable response.
Overshoot should be limited to the a very small degree, as current overshoots are critical
in respect to causing permanent damage components of the system. To ensure a high
bandwidth of the current loop, the 7T; is chosen to cancel out the dominant pole of the
system, which is the one introduced by the filter

L
T, ==t (2.75)
Tt
additionally K, is chosen to obtain a damping ratio of 1/ V2, which ensures a good
compromise between speed and stability of the system and as suggested in [39], the
proportional gain can calculated to obtain that specific damping ratio as

Ly

»= 37 (2.76)

The obtained values are, T; = 0.01 and K, = 10 and the obtained phase margin, gain

margin and system response is shown in Figure 2.27.

Bode Diagram
Gm = Inf dB (at Inf rad/s) , Pm = 65.5 deg (at 3.03e+03 rad/s)
) Al _ ____________‘————,. .....................................
=2 v sl
B 120 i
= 150
180 - . R )
10’ 10° 10° 10 10°
Frequency (rad/s)
Current Loop Step Response
1 E oo | T ivaanad '._:_._._,.ar.—.T .......... Voioriiae? e —— N W
1k}
=
=
B 0.5
E
<
0 0.2 04 06 08 1 1.2 14 16 1.8 2
Time (seconds) 102

Figure 2.27: Gain and Phase Margin of the Open Loop and Step Response of the Closed
Loop

It can be observed that an infinite gain margin and a phase margin of 65.5° was obtained
in the open loop. Applying a step function to closed loop system it can observed that a
fast inner loop response is obtained, with a settling time of 1.3ms and while not having any
considerable overshoot. The current loop inhibits a satisfactory behaviour, as the desired

system characteristics is obtained.
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2.4.6 DC-Link voltage control

Whereas the inner loop was designed to obtain a high bandwidth by cancelling the
dominant pole the main goal of the outer loop is to obtain stable response and at least a
bandwidth of one decade lower with respect to the inner loop. With a bandwidth of one
decade lower the two loops can be considered to be decoupled as the currents will have
reached their reference values when designing the voltage controller [59]. A simplified first
order approximation is used to approximate the inner loop, when designing the voltage

loop

1

Ginner(s) = m
S

(2.77)

The transfer function describing the DC-link voltage relation with the ig current can be
expressed as
3 R

% = ii‘) (2.78)

iq 2 (1= R,Cs)
Where R, is the steady-state resistance at the input side of the DC-link, the /3 factor is
the amount which the DC link is required to be higher than the peak AC voltage. The
value of the equivalent capacitance of the DC-link capacitor branch is 410uF. Adding a PI
as described in (2.71) and utilizing that R,C' >> 3T, the open loop transfer function can
be described as [59|

CGuie($) = 57 BT s+ 1(Cs) (2.79)

The method applied at the DC/DC stage of choosing the crossover frequency at the
geometric mean of the poles is also adapted here. The crossover frequency is expressed as

1

_ 2.80
we 3aTly ( )
where a is a function of the desired phase margin
1+ cos(¢)
= "\ 2.81
sin(¢p) (2.81)
the time constant of the controller is related to the a parameter as
T;
= 2.82
“= V31, (2.82)

As the bandwidth is required to be one-tenth of the inner loop it leads to ¢ = 11, which
results in 7; = 0.0036. The proportional gain of the PI can be calculated as [59]

C
K =
P 9/3aT,

inserting the obtained values leads to K, = 0.108 and the outer loop characteristics shown

(2.83)

in Figure 2.28 was obtained
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Figure 2.28: Gain and phase margin of the open loop and step response of the closed loop

as observed in the frequency response, the obtained bandwidth is below 300 rad/s and the
two loops can therefore be considered decoupled. It can also be observed that the crossover
frequency is at the geometric mean and a phase margin of 80.6° is obtained along with a

system response overshoot of 7%.

Now that the entire system is modelled and is controllable, the stress applied on
each power electronic component can be manipulated accordingly to the applied
mission profile, which is an important tool to carry in respect to perform the
wear-out analysis in the following chapters. To finalize the chapter a complete
overview of the DC/AC stage control structure is shown in Figure 2.29
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Figure 2.29: Control scheme of the DC/AC stage
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Lifetime Estimation of
Active Components

In this chapter the wear-out analysis of the active components will be carried
out. The analysis requires several steps to in order to obtain the lifetime
estimation of the power devices. First step is to obtain the thermal loading
by means of a mission profile translation. When the thermal loading is
obtained, it it required to be applied to a counting method, which decomposes
the irregular profile into several cycles, which applicable with the used lifetime
model. The damage accumulated from the annual profile is then obtained
and the lifetime can be estimated. Finally, the uncertainties linked to power
electronic components are taken into account and a lifetime distribution is
obtained by means of a Monte Carlo analysis

3.1 Inverter IGBT power module

The mission profile containing solar irradiance and ambient temperature is required to be
translated into a thermal loading profile, which can be used to evaluate the lifetime of the
power devices. The translation consists of two major modelling parts; the loss modelling
and the thermal modelling.

3.1.1 Mission profile translation

When the loading stress is applied the power devices, power loss will be dissipated. The
total power loss is the sum of the switching losses and the conduction losses as shown in
Figure 3.1. The switching and the conduction losses, can be obtained by means of a long
line of analytical expression. Instead it is chosen to utilize the built-in loss GUI in the
used simulation tool, for the sake of simplicity.

Instead of determining the semiconductor switching losses from current and voltage
transients, the simulation tool measure the operation condition before and after each
switching event. The measured parameters are the forward current, blocking voltage and
junction temperature. Using these parameters it calculates the dissipated by means of
multi-dimensional look-up tables, which are constructed on the basis of extracted datasheet
values from the manufacturer. The look-up table used to obtain the turn-on energies is
shown in Figure 3.2
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Figure 3.1: Power losses of power devices

Legend:
— 25“
— 125"
— 1507

E [m1]

Figure 3.2: Look-up table used to obtain the turn-on energies of the IGBTs

The same modelling procedure is carried out for diodes contained in the system with the
exception of a few changes, which is elaborated in the lifetime estimation of the inherent
diodes section 4.2. During the on-state condition, the dissipated power is computed with
the use of the forward current and junction temperature, which is illustrated by the look-
up table shown in 3.3. The look-up tables are constructed from datasheet information of
the IGBT power module shown in Table 2.4 [31]
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Figure 3.3: Look-up table used to obtain the conduction losses of the IGBTs

As shown in Figure 3.4, the losses will generate heat, which is commonly known to have
a lifetime degrading effect on electronic components and therefore it is desired to conduct
as much heat as possible from the power devices and through each layer of the module to
the heat sink.

—o—  — e

I —

Reliability Metrics
T

Figure 3.4: Loss leads to termperature rise of the power devices

The complete thermal model consists of a thermal model describing the internal thermal
characteristics of the power module and a thermal model describing the external cooling
network as shown in Figure 3.5 where Z,(;_) is thermal impedance from junction to case,
Zih(c—n) 1s the thermal impedance from case to heatsink and Z,j,—,) is thermal impedance
from heatsink to ambient. The junction temperature of the IGBT can then be obtained
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as

,IYJ' = f)loss(IGBT) ’ Zth(j—c),IGBT + (Ploss(IGBT) + Ploss(diode)) ) Zth(c—a) + 1, (31)

Tjcgiode)
AN
—o—=e . 7
Ploss(diode) th(c—h) Zth(h—a)
Zip-o)
S Tjqcer) T, Th T,
—o—e .
Ploss(lGBT)

Figure 3.5: Complete thermal model of the power module and the external cooling
components

The internal and external parts are modelled by different types of networks, the different
layers of the module connecting the power chips to the case is modeled by means of a non-
physical model, known as the Foster network. Each layer are represented by a thermal
resistance connected in parallel with a thermal capacitance, which describes the transient
temperature characteristics. The foster network is shown in Figure 3.6 [45] [§]

Ripa Rip2 Ripn
—\VW—
P loss :: :: |_ Tc
Cina Cen2 Cihn

Figure 3.6: Foster network, which is used to model the temperature difference from junction
to case

The calculation of the total is analogous to those of a first-order electrical circuit and is
expressed as

Zin(i—o)(t) = zn: R, (1 _ e’%) (3.2)

As stated earlier, the network has no physical relation and the foster network parameters

are obtain by heating up the module and during cool-down the parameters are fitted from

the cooling curve, obtaining the thermal resistance and the time constants, from which the
thermal capacitance can be calculated as

-

Ci=— 3.3

TR (3.3)

The thermal impedance representing the four layers for junction to case for the power

module in question is provided by the manufacture datasheet [31] and are shown in Figure
3.9
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1 2 3 4
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T 0.01s 0.02s 0.05s 0Ds

Figure 3.7: Thermal impedance from junction to case

The cooling components are modeled by means of the Cauer model, which parameters
are based on actual physical properties such as geometric and material composition of
each layer. The parameters for each layer are often obtained by means of finite element
simulations and the parameters obtained for each layer is used in each of the RC lumps as
shown in Figure 3.8 [45]

T, R Rip Ripn
HSe—w AMA— - - = ——AN—
P loss Ceni= Cth,z = Cth,n ==

T,
Figure 3.8: Cauer network used to model the external cooling components

The thermal resistance from case to heatsink represents the thermal grease and thermal
paste located between the case and the heatsink. The thermal resistance value is provided
by the manufacture datasheet [31] as Ryp(c—p) = 0.2 K/W. The thermal impedance of the
heatsink is selected on the basis of how much heat is needed to be dissipated from the
power module and which type of cooling system is applied in terms of natural convection
or external applied cooling. The thermal capacitance of the heat sink is many times larger
than the one of the power module and is often in the order of several minutes. Aluminium
base sinks cooled by natural convection have thermal time constants in the range of 4-15
minutes, while the ones with forced air-cooling is less than a minute, which is the relevant
case here and the thermal time constant is chosen to be 7, = 40s [52].

The thermal resistance providing the steady-state temperature of the heat sink chosen on
the based assumption

e The heatsink-to-ambient temperature difference is limited to AT;,_,) < 30°

Additionally it should be considered that the power electronic components are located
inside an enclosure in order to protect it from hostile environmental conditions and inside
this enclosure the environment is of different nature as a result of heat dissipated by the
power electronic components. As i have not performed any FEM analysis on how much the
temperature difference is between inside the closure and the global ambient temperature,
inspiration is gathered from [65], where a temperature difference of about 35° from local
to global ambient temperature in the case of a PV micro-inverter. As this case differs from
the one in cited paper, both in terms of ratings and other factors such as diffent enclosure
etc. could differ, a conservative temperature difference of 20° is chosen between the local
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and global ambient temperature. Combining the heatsink temperature difference and the
inclusion of local ambient temperature, an assumption of a case to ambient temperature
difference of 50° at rated power loss

AT, 50°¢

~ iy = 3~ — 02K/ (3.4)

Riph—a)y =

The system was simulated at rated power and the average losses of the switching and
conduction losses of both the diode and the IGBT as it can be observed in Figure 3.5 both
components power loss contributes to the temperature difference from case to ambient. It
is assumed that the entire power loss is distributed to the cooling network, when in reality
some of it will be absorbed by the junction-to-case impedance of both the diode and the
IGBT.

A total power loss of 18 watts was obtained from both components at rated power
condition, which leads to a thermal resistance from case to ambient of 2.7 K/W when
considering equation (3.4). As the case to heat sink accounted for 0.2K/W it results in a
thermal resistance for the heatsink to ambient of 2.5K/W. With the use of the obtained
thermal resistance and the time constant of 40 seconds, the thermal capacitance of heatsink
can be obtained by use of equation (3.3) as Cj, = 16J/K

Unfortunately it is not possible to combine the curve fitted parameters with an external
Cauer network for modelling of the case to ambient, without altering the thermal tendency
of the junction to case temperature cooling curve as shown in Figure 3.9

TioA

Figure 3.9: Alternating the thermal tendency of the junction to case by combining an
external Cauer network with the fitted parameters

A solution is to divide the thermal network into two, one which will provide the right
amount of power to the cooling network by means of a low pass filter which parameters
are based on Foster to Cauer transformation [42]. The adaptation of this solution will
provide the right case temperature to the foster network, which then will provide the
correct junction temperature
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Figure 3.10: Two circuit thermal network to combine the foster network with an external
cauer network

The calculation of the Foster to Cauer transformation based low pass filter is rather
tedious and can be found in [42], while only the obtained values will be presented here.
Transforming the Foster parameters of the IGBT as shown in Figure 3.9, the following
low-pass filter is obtained

1 1
G N = =
thifilter = (Cys + R1)(Cas + Ra)  (0.007329s + 0.08914)(0.026265 + 0.2191)

(3.5)

With the electro-thermal model in place the thermal loading caused by applied mission
profile can be obtained, which is realised by obtaining the thermal junction temperature for
a set of defined operational conditions by means of simulation. The stress on the inverter
components according to the defined operating conditions, is realised by manipulating the
iq reference as shown in Figure 3.11

2 2
Poe— —  |—» |d,ref>
3Ugd
N
Pl
Iq

Figure 3.11: Manipulation of the Loading Stress
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and in Figure 3.12, the obtained junction temperature response is shown at rated conditions

Junction Temperature Response

100
—
O
Io_l

. 50
-

TJ. with fundamental cycle Tj caused by mission profile
0 1 1 1 1 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [s]

Figure 3.12: Junction temperature response at rated conditions

As stated in Section 1.4, there are power cyclings at different timescales in the thermal
loading profile. In the Figure 3.12 both the loading caused by the changes in environmental
condition and the loading which reasonate around the fundamental frequency and only
the damage caused by the thermal stress caused by environmental conditions is taken into
account. The steady-state junction temperature value is monitored and collected for each
operating condition in the defined intervals of the solar irradiance and ambient temperature
as shown in Figure 3.13

T,[—20,-10,0,10 ......]

1,,[100,200,300 ......]

3

B T

Figure 3.13: Obtain the junction temperature for each defined operational condition of the
PV system

The junction temperature points contained in the obtained matrix is then used for
interpolation of the applied mission profile, which is shown in Figure 3.14
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Figure 3.14: Annual Mission Profiles from Aalborg University

The data is collected at the local weather station at AAU the profile is of 1 second
resolution. Interpolating the annual mission profile with the use of the operation condition

points, the annual DC-link power and thermal loading profile is obtained as shown in
Figure 3.15

Annual DC Imk Power Proflle
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Power [W]

Annual Junction Temperature Profile
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-20
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Figure 3.15: Annual DC-link Power and Junction Temperature Profiles

It is worth noticing that the thermal loading profile is far from being anywhere near
the maximum allowed junction temperature of the IGBT at any point during the year of
operation. The maximum allowed operating temperure of IGBTs is usually 150°c and there
is a rule-of-thumb among eletrical engineers to include a design margin, which results in an
operating temperature considerably lower than the maximum allowed in order to ensure
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a longer lifetime of the device. In this case, where the margin is relatively big, the switch
is rated at a continuous collector-emitter current of 50 A, while at rated conditions the
current is no more that 23 A. Additionally is should be noted that the converter very
rarely operates at rated conditions as a result of the applied mission profile only reaches
this condition shortly during summertime. If the system, on the other hand, was designed
with oversized PV array with respect to the converter rating, the scenario would have been
of different character.

With the annual thermal loading profile at hand the wear-out analysis can be carried out
but before initializing it, the entire mission profile translation analysis is summarised in
the flowchart shown in Figure 3.16

Ploading Profile
=
PV Panel

1
t Electric \
Circuit \

Sl Model
N— S Annual w Wﬂ

PV Operating DC-link Decomposed

Points Pow.er Loading Profile
Profile
(oo |

Lookup
Tables Annual

e\ E I

Translation of Mission Profiles

Annual

| . Annual Junction
Temperature Profile

Mission Profiles MPPT

Thermal
Model

Power Loss

N

Figure 3.16: The mission profile analysis used to obtain the annual thermal loading profile

3.1.2 Wear-out analysis

In this section the damage caused on the IGBTs is obtained and their lifetime is estimation
from the basis of the accumulated damage. Initially the thermal loading profile is required
to be applied a counting algorithm to make it applicable to the used lifetime model.

As explained in 1.4 the dynamical nature of the obtained annual thermal loading profile is
not applicable with the used lifetime model. A counting method is therefore required,
in order to decompose the profile into categorized regular cycles and then apply the
categorized cycles to a lifetime model [29]. The rainflow algorith is a widely used counting
method in stress analysis related to thermal cycling and is applied to the annual thermal
loading profile to extract the listed variables at load reversals

Cycle Amplitude, AT}

e Cycle Mean Value T} mean
e Number of Cycles n;

e Cycle Beginning Time

e Cycle Period, 2-Tyn

The rainflow output is visualized through the Rainflow matrix histogram as shown in
Figure 3.17

99



Group PED4-1048 3. Lifetime Estimation of Active Components

. Amplitude
Bonsgs

Samples %10

Rainflow Matrix Histogram

o 800 -
= 600
£, 600 -
o
G 400 -
E 400
£ 200 -
=
Z 0- 200

80

60 40 100
20 0
=20 1] ¢
Cycle Average Cycle Range

Figure 3.17: Histrogram of the output of the Rainflow Algorithm

It can be observed that the majority of the extracted cycles is of low amplitude, which
contribution to the accumulated damage is more or less insignificant. Still all the extracted
cycles is applied in the lifetime model used for estimating the lifetime of the IGBTs, which
is expressed as [63]

5 (TfBg ) ton —Bs
Ny =L-(ATj)P - e\ Timean/ . (ﬁ) (3.6)
The model in (3.6) is based on the Coffin-Manson law, which relates the temperature
variation amplitude, AT}, with the number of cycles to failure. Additionally, the cycle
period and the Arrhenius term are added to take into account the lifetime degrading effect
of the mean junction temperature and the heating time. The Sy parameter in the Arrhinus
term, denotes the ratio of the activation energy, E,, and the Boltzmann’s constant, ky [16].

The parameters of the lifetime model is determined with the aid of curve fitting of
experimental data, which are supplied by the manufacturer of the power devices as
presented in [30]. The obtained model parameters and their corresponding fitted functions
are presented in Figure 3.18

The cycle period, t,y,, used during lifetime testing was 1.5 seconds. A typical relation for
use of other cycle periods follows a linear trend on a logarithmic scale and can be expressed
as

Ncyc(ton) _ ton —03 (3 7)
Neye(1.5s) — \ 1.5 ‘
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Figure 3.18: Upper: Determination of the Coffin-Manson parameters. Lower:

Determination of the Arrhenius parameter

As it can be observed from (3.7), the value of f3 is 0.3, which ensures the correct cycle
period dependency correlation to other values for t,, than 1.5s [30]. This particular
on-time relation is only applicable for cycles of t,, < 60s. Applying cycles of longer
duration can result in wrong lifetime results and as a result all the extracted cycles above
one minute duration, is changed to be of one minute [60]. It should also be noted that
the parameter values and the corresponding lifetime estimation is inevitable to lose some
precision, when the condition of manufactures testing condition is replaced with those of
the converter in field operation. The optimal approach would be to determine the lifetime
model parameters on real field data i.e data obtained from converters operating under
actual working conditions [58].

The lifetime consumption is calculated by use of the Miner’s rule, which make use of the
assumption of linear damage accumulation and it can be expressed as [80]

n n;
Ap =) 7 (3.8)
=1 )

where n; is the amount of cycles extracted from the rainflow counting and Ny ; is the
number of cycles until the end-of-life obtained in (3.6), which is dependent on the thermal
reliability metrics extracted from the rainflow counting. The lifetime consumption is used
as an indication of how much of the total lifetime of the power device is consumed, as a
result of applying the annual mission profile to the system. The thermal cycling variables
is iterated for all the contained values in the thermal loading profile and the annual damage
of the switch, due to cyclic stress, can be obtained as

Ap=Y" m = 0.1259 (3.9)

=1 A . (A]}}Z)Bl . 6( kb'Tj,mean,i) . (ting;l)762
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the annual accumulated damage caused by the applied mission profile is 12.6% of the total
lifetime of the switch, which results in a estimated lifetime of

1
IGBT Lifetime = — = 8 Years (3.10)
Dy

3.1.3 Sensitivity analysis

Uncertainty needs to be taken into account as the parameters of the lifetime model will
vary at different testing and operating conditions and the electrical parameters of the
components can also differ to variations in the manufacturing process and lastly the applied
stress to components can also vary on a year-to-year basis due to climate variations. Instead
of using fixed valued parameters, each parameter will be modelled as probability density
functions with each having carefully chosen variance. Taken into account the uncertainty
of each parameter will result in a more useful lifetime estimation, which can be presented
with a certain amount of statistical confidence [66] [58] [81] [43].

Determination of static equivalents

Initially static parameter values of the stress variables is to be determined. The static
equivalents of the variables used in the lifetime model is determined as to produce the
same amount of number of cycles to failure as the entire amount of stress cycles extracted
from the rainflow algorithm did

_ EBe T . /82
Nyi = Nftatic = A (AT static)™ - T et (%gmc )

The static equivalent values is then used as the mean values when modelling the stress

(3.11)

variables as probability density functions. The static equivalents of the cycle on-time and
the mean junction temperature is simply determined by use of the mean value during the
entire operation, which leads to Ty static = 9.62s and Tjmean,static = 42.54° [58]. With
the aforementioned static values at hand, results in one degree-of-freedom in (3.11). The
known values are inserted and ATj sqtic is isolated variable, which results in a static value
for the temperature variation of AT} stqric — 39.9°. Besides the stress parameters, the
lifetime parameters obtained from curve fitting will also be used as mean values when
modelling the probability density functions of the lifetime parameters. The mean values of
the lifetime model parameters along with the number of extracted cycles from the rainflow
algorithm and relevant lifetime model coefficients are summarised in table 3.1

Obtained lifetime model parameters and useful lifetime model coefficients
Number of Extracted Cycles Neyee 3.27-10°
Lifetime Model Multiplicative Temperature Variation Parameter A | 1.34-10%°
Lifetime Model Exponential Temperature Variation Parameter /3 -7.33
Lifetime Model Exponential Cycle On-time Parameter (5o -0.3
Activation Energy of the IGBT E, 5.75-10720 J /mol
Boltzmann Constant k; 1.38-10723 J/K

Table 3.1: Obtained lifetime model parameters and fixed coefficients used in the lifetime
model
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3.1. Inverter IGBT power module Aalborg University

3.1.4 Modelling the parameters as distribution functions

The static equivalent values along with previously used lifetime model parameters are used
as mean value of the normally distributed probability density function. The tolerances used
in the lifetime model parameters is based on [5], which conducted some regresssion models
to determine the tolerance. An exception is the multiplicative A parmameter, which is
chosen to have a tolerance of 10% of the mean value. All the parameters are modelled
as normal distributions based on their respective means and variance. The distribution
function models for each of the parameters contained in the lifetime model are shown in

Figure 3.19
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Figure 3.19: Distribution Function Models of the Lifetime Model Parameters

where each of their respective tolerances are summarised in Table 3.2

Tolerances Used for Distributions Functions
Multiplicative Temperature Variation Parameter A 1.34-10%*
Lifetime Model Exponential Temperature Variation Parameter (1 0.281
Lifetime Model Exponential Mean Temperature Parameter 5y (E,/ky) | 83.33
Lifetime Model Exponential Cycle On-time Parameter f3 0.1

Table 3.2: Tolerances used when modeling the lifetime model parameters as distribution

functions [5]

As for the electrical parameter variation, the collector emitter voltage is stated in the
datasheet to have a tolerance of 0.3V [31]|. The variation of the collector-emitter voltage
has an influence on the conduction losses and therefore also indirectly on the junction
temperature and is therefore needed to be taken into consideration. The system at

63



Group PED4-1048 3. Lifetime Estimation of Active Components

rated power without added collector-emitter voltage tolerance is simulated and a value
of mean junction temperature of 81°C' was obtained. FExecuting the simulation again at
same operating condition but added the collector emitter voltage tolerance a variation in
temperature of AT} .. = 6°C was obtained. The tolerance of the collector-emitter voltage
does not only influence the mean junction temperature but also the magnitude of the
temperature variation, this change in magnitude was determined analytically by use of the
following expression [76]

n 1 _ :7tp
ATy(tp) = P- ZRﬂw : (71 — e_tt};) ) (3.12)
v=1 eTthv

where 1, is on-time of the loss cycle, t7 is the period of the entire cycle, Ry, is the resistance
of each layer in the Foster/Cauer network used to represent the thermal modelling and
e™hv is the term representing the time constant of each respective layer [76]. Using the
additional power loss caused by the collector emitter voltage tolerance in equation (3.12)
a temperature variation of 0.87° was obtained. Finally a variation in mean junction
temperature due to variation of ambient temperature is included. An optimal approach
would be to apply mission profiles at different locations from around the world but as
focus was put other wisely, the approach of including variance in the junction temperature
was adopted to make amends. A variation interval of 15° was adopted in this project to
compensate for not including several mission profiles. The distribution models for each of
the aforementioned parameters are shown in Figure 3.20
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Figure 3.20: Distribution function models of Vog, Tjmean(Vor), AT;(Vor) and AT;(Ty)

10000 random samples constitute the parameter distributions used for the each of the
parameters, which is included in the sensitivity analysis. The sensitivity analysis will
provide insight in how much influence each of these tolerances has on the number of
cycles to failure. This is by including individual parameter variation while the remaining
parameters are kept at their mean values. As it can be observed in Figure 3.21, the
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3.1. Inverter IGBT power module Aalborg University

exponential temperature variation of 5; parameter, results in a big standard deviation in
the number of number of cycles to failure distribution.
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Figure 3.21: Sensitivity analysis of the number of cycles to failure dependency on
the multiplicative temperature variation A parameter and the exponential temperature
variation (1 parameter
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Figure 3.22: Sensitivity analysis of the number of cycles to failure dependency on the
Arrhenius term mean junction temperature S parameter and the combined impact from
the mean temperature and the variation temperature amplitude both caused by tolerance
of the collector-emitter voltage

The relatively big standard deviation indicates that the 8 parameter has a major influence
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on the number of cycles to failure, despite having minor tolerance value. The variation
of number of cycles to failure caused by the junction temperature variation amplitude
A parameter is relatively small even though the tolerance value are of 24th order. In
Figure 3.22 the mean junction temperature (@5 variation can be observed to have a fairly
small impact on number of cycles to failure variation. Both variations of the mean
junction temperature and the temperature variation amplitude, which are caused by the
V¢e tolerance, are combined to examine the overall impact of the collector emitter voltage
variation and as it can be observed, it does have some impact on the number of cycles to
failure. Lastly it can be observed in Figure 3.23 that the exponential on-time 3 parameter
has a small impact on the number of cycles to failure
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Figure 3.23: Sensitivity analysis of the number of cycles to failure dependency on the
exponential en-time 3 earameter

In order to provide a more exact view on these parameter variations direct impact on the
lifetime, the accumulated damage distributions for each are now presented.

Annual Accumulated Damage(A)
1500 T T

0
0.09 0.095 0.1 0.105 0.11 0.115
Annual Accumulated Damage

Annual Accumulated Damage(ﬂl)
2000 T T T T T

1500

1000

density

500

0 0.05 0.1 0.15 0.2 0.25 0.3
Annual Accumulated Damage

Figure 3.24: Sensitivity analysis of the annual accumulated damage dependency on
the multiplicative temperature variation A parameter and the exponential temperature
variation 1 parameter
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As it can be observed in Figure 3.24, the variation of the exponential temperature variation
(1 parameter can cause a difference from 5 to 20 percent of the total lifetime consumed
by applying the year long mission profile. The multiplicative temperature variation A
parameter only leads to a variation from 9.5% to 11% accumulated damage caused by the
same mission profile. The variation in accumulated damage is limited to maximum 5% for
both the cases of the variation of the Arrhenius mean junction temperature B2 parameter
and the variation of temperature caused by the collector emitter voltage tolerance, as can
be observed in Figure 3.25
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Figure 3.25: Sensitivity analysis of the annual accumulated damage dependency on the
Arrhenius mean junction temperature variation [s parameter and the collector-emitter
voltage tolerance

The exponential on-time 3 parameter has an even smaller impact on the accumulated
damage with only a variation of 1.5%, as seen in the distribution shown in Figure 3.26
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Figure 3.26: Sensitivity analysis of the annual accumulated damage dependency on the
exponential on-time (33 parameter
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As it can be concluded from the sensitivity analysis, the lifetime of the IGBTs depends
mostly on the parameters, which are related to the junction temperature variation, AT}.

The variation of all the parameters are executed in order to obtain an overall lifetime
distribution of the IGBTs, which is commonly knows as a Monte Carlo analysis. 10000
random samples is taken from each of the distributions of all the parameters which are
subjected to variation within their predefined tolerances. The obtained lifetime distribution
is within a interval of 5 to 20 years with an undefined confidence level. The number of
cycles to failure distribution and the lifetime distribution obtained from carrying out the
Monte Carlo analysis are shown in Figure 3.27
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Figure 3.27: Number of cycles to failure distribution and lifetime distribution of the IGBT
when applied to an annual mission profile from Aalborg University

It can be observed in the lower histogram in Figure 3.27, that the lifetime distribution
ranges from about 4 to 25 years, when the uncertainty of all the relevant parameters are
taken into consideration. The obtained lifetime distribution is then fitted to a Weibull
chart with the use of the obtained shape, [, and scale, i, parameters

Bup =11.75 and 1y = 2.65 (3.13)

These parameters are used to obtain the cumulative distribution function, which can
express the unreliability as a function of time. In other words the unreliability function
represents the proportion of failures within the entire population as a function of time.

F(t)=1- () (3.14)

The cumulatively distribution function for the obtained lifetime distribution is shown in
Figure 3.28. The y-axis denotes the probability of failure over the timespan of the IGBT
lifetime. For a population of IGBTs 10% of the population is said to have failed at the
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probability of 0.1, which is known as the Bjg lifetime. In the case of the IGBTs, the Big
lifetime is 6 years as shown in the Figure 3.29
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Figure 3.28: Cumulative Distribution Function of the IGBT Lifetime

With the lifetime distribution of the inverter IGBTs at hand, the lifetime of the remaining
components is be determined. Before moving on to the single IGBT in the DC/DC stage
the complete wear-out analysis is summarised in Figure 3.29
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Figure 3.29: Flowchart of the Wearout Analysis Conducted in this Chapter

As it can be observed in Figure 3.29, the last step is to obtain the reliability of the entire
module, as the lifetime obtained in this chapter is for a discrete IGBT only. The entire
lifetime of the module and the system in general is carried out in Chapter 5.

3.2 IGBT in the DC/DC stage

As the lifetime analysis of the IGBT in the DC/DC stage is completely analogous to the
one previously carried out for the inverter IGBTSs in Section , only the results will presented
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in this section. The turn-on and turn-off energies are obtained in the same manner with
the extraction of the datasheet information, which is extracted and used for power loss
modeling in the simulation software. The turn-on energies for the active switch in the
DC/DC stage is shown in Figure 3.30
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Figure 3.30: Look-up table used to obtain the turn-on energies of the IGBT

As observed in the Figure 3.30, the turn-on energies are somewhat lower than those of the
active switch in the DC/AC stage shown in Figure 3.2. As the switch in the DC/DC is at
lower ratings, the junction temperature is still expected to be higher than the ones obtained
in the DC/AC stage, as the turn-on energies difference in the switches is relatively small.
The turn-off energies is not shown, but the trend is the same with lower values compared
to those of the DC/AC stage switches. The modeling of on-state losses is also modeled in
the same manner as those of the DC/AC stage and presented in Figure 3.31
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Figure 3.31: Look-up table used to obtain the conduction losses of the IGBT

The forward voltage trend seems at first impression to be the exact same of those of the
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DC/AC stage, but as the current rating is lower for this particular switch, the forward is
higher at the same load currents compared to DC/AC switch. The thermal impedance of
the IGBT in the DC/DC stage differs only from the one in the DC/AC stage in terms of
the junction to case part as the external thermal network used, is the exact same at both
stages. The foster parameters representing the junction to case thermal impedance of the
active switch in the DC/DC stage is shown in Figure 3.32

1 2 3 4
R 0.051 K/W 0,117 KW 0426 KW 0.506 KW

T 0.0005 s 0.005s 0.05s 02s

Figure 3.32: Thermal impedance from junction to case

As observed in Figure 3.32 the total thermal resistance is twice the size of those of the
DC/AC switch, when summing the thermal resistance of all four layers. The increase in
thermal resistance is going to affect the annual loading profile to be more severe in terms of
more aggressive loading when compared to the loading of the active switch in the DC/AC
stage. Obtaining the junction temperature for all the predefined operating conditions of
the DC/DC stage and then by means of interpolation, the annual thermal loading profile
of the active switch can be obtained as shown in Figure 3.33
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Figure 3.33: Annual thermal loading of the active switch in the DC/DC stage

The resulting profile is a lot more aggressive than expected, with temperatures in the
proximity of the maximum allowed of the switch doing a large part of the year. This is
probably not only caused by the higher thermal resistance of the junction to case thermal
impedance but is most likely also caused by how the loading is applied. The switch at the
DC/DC stage handles all the transferred energy, whereas the switches in the DC/AC stage
divides the stress among the six switches during one fundamental period. In retrospect,
the active switch in this stage, should have been chosen at higher ratings, as the lifetime
obtained is about 2 years.

3.2.1 Monte Carlo analysis and B10 lifetime

The static equivalents differ a lot from those obtained in the previous section for the
DC/AC stage as the number of cycles to failure, as used in expression (3.11), is reduced
significantly. The static value, which has the largest influence on the lifetime distribution,
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as proven in the previous sensibility analysis, is the static equivalence of the junction
temperature variation, ATj sqic. The obtained value is of AT} satic = 59.6°c, which
is considerably higher than the one obtained in Section 3.1.3. The obtained lifetime
distribution and the cumulative distribution function are shown in Figure 3.34
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Figure 3.34: Lifetime distribution and cumulative distribution function obtained for the
active switch in the DC/DC stage

As it can observed from the unreliability plot in Figure 4.13, a By lifetime of only 1.3
years was obtained for the active switch, which its highly critical and the analysis should
have been repeated with several other switches but due time and page limitations, it will

not be included in this project.
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Lifetime Estimation of
Passive Components

In this chapter the wear-out analysis of the passive components will be carried
out. This mostly concern the DC-capacitor, as lifetime analysis of capacitors
differ from the previous analysis carried out in Chapter 3. In case of the
diodes only the result will be presented, as their lifetime analysis is analogous
to the one used to obtain the lifetime of the active switches. In case of
capacitors it also involves obtaining the thermal loading by means of a mission
profile translation, which is used for obtaining the annual accumulated damage,
from which the lifetime can be estimated. Finally, the uncertainties linked to
capacitors are taken into account and a lifetime distribution is obtained by
means of a Monte Carlo analysis

4.1 DC Link capacitor

As mentioned in 1.5, DC-link capacitors serve as important part of the PV-system, as they
reduce the DC-link voltage ripple, absorb the harmonics and provide energy storage. A
visualization of the DC-link as being a part of the overall PV-system is shown in Figure
4.1
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Figure 4.1: Visualization of the DC link capacitor in the overall PV system

A commonly used equivalent circuit representation used for modeling of the DC link

capacitor is shown in Figure 4.2 [79]

73



Group PED4-1048 4. Lifetime Estimation of Passive Components

C ESR ESL
——W—¥¥ ¥ —o

Figure 4.2: Commonly used equivalent circuit representation of the capacitor

As seen in the equivalent circuit in Figure 4.2, the capacitor also consits of an equivalent
series resistance and an equivalent series inductance, which will dominate the impedance
at high frequencies. In terms of reliability the equivalent series resistance is important
factor, as when capacitors is subjected to loading resistive losses will occur, which will
induce a temperature increase. The temperature is a function of the external generated
heat generated by the resistive losses but also the surrounding ambient temperature of the
operational environment. The size of the resistance can be determined by means of the
dissipation factor (DF), which is shown in Figure 4.3. [21]
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Figure 4.3: Impedance plane with the loss angle shown, which is used to determine the
size of the equivalent series resistance

Applying general triogonometric theory, the loss angle can be determined as the tangent
to the ratio of the ESR and the amplitude of the capacitive reactance as

opposite  ESR 1
an{9) adjescent | X,| & BSR wC' an{9)

- tan(0) (4.1)

Inserting the values of the capacitance and the loss angle provided by the datasheet of the
manufacture, the ESR at 100Hz is determined to be 70mf2.

4.1.1 Modelling of the ESR

Similar to the impedance of inductors and capacitors the resistance is frequency dependent
and using a fixed value will provide an incorrect amount of losses generated in the capacitor
and therefore also an incorrect amount of thermal stress applied [15]. The ESR usually
decreases with temperature, as it is often dictated by the variation in the electrolytic
viscosity but in some cases some capacitors are dominated by the positive temperature
coefficients of the metallic and dielectric material [20] .

In all cases the ESR decreases monotonically with the increasing of the frequency until
the skin effect of the metallic components has its on-set, which is typically at f > 100kH z
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[20]. The ESR of the given capacitor was measured in a large frequency range by means
of a conventional LCR meter and the normalized values was used to create a frequency
dependent model of the ESR as shown in Figure 4.4.
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Figure 4.4: Models used to describe the frequency dependency of the equivalent series
resistance

Two types of models showed potential by replicating the tendency of the data points at
the entirety of the frequency range, the two models are based on the power law and the
rational function respectively. As shown in Figure 4.4, the power law function seems to
underestimate the ESR value at high frequencies, which is not the case with the rational
function, that seems to be in accordance with the measured values in the span of the
entire frequency range. The frequency dependent ESR model based on a rational function
is described as

0.04288 - f + 305.2
ESR(f) = ——3m (4.2)

It should be noted at this stage, where a complete design of the capacitor bank is unknown,
that it is only for certain that two capacitors in series is needed, as the capacitors are rated
at 450V and the DC link operates at 750. A relatively large voltage margin is needed to
be included, as the series connection of the two capacitors is not balanced a 100% and
the capacitors does therefore not share the DC link voltage equally. A solution to the
non-equal share, is to include balancing resistors in parallel with the capacitors but as
this tends to make the configuration more complex and also introduce additional resistive
losses, the solution is not chosen to be an integrated part of the DC link in this project.
The final capacitor configuration will have a significant influence of how much stress each
of the capacitors will be subjected to [24].
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4.1.2 Ripple content and capacitor power loss

The power loss in the capacitor is obtained by the product of the ripple current components
and the corresponding ESR value at a given frequency. The ripple current depends on
which topologies is used at both the input and the output side of the DC-link as depicted
in Figure 4.5 [46]
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Figure 4.5: Ripple current content in the capacitor depends on the used topologies at the
input and the output side of the DC link

In this case, active-based topologies is used on both sides of the DC-link, which results
in a harmonic content of the capacitor at the switching frequency, its multiples and the
corresponding sidebands of both converters as seen in Figure 4.6 [52]
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Figure 4.6: Harmonic content in the DC link in the case of active based topologies on each
side of the DC link

The harmonic spectrum is obtained for each set of operational conditions by means of the
fast Fourier transform (FFT) and the power loss in the capacitor can then be obtained as

N
Ploss = ) ivms(fn) - ESR(fn) (4.3)
h=1

In this case, the RMS value is obtained by utilising that all FFT components ia a weighted
sum of sines and cosines [13]
i(fn)

irms(fn) = W (4.4)
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It is a necessity, to obtain the RMS value is this manner, as each individual component is
to be multiplied with the corresponding ESR value at a given frequency.

The exact same one second resolution mission profile, as presented in 3.1.1, is applied when
estimating the lifetime of the DC-link capacitor. Applying the mission profile in the case
of a single capacitor branch, results in the annual loss profile shown in Figure 4.7
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Figure 4.7: Annual generated loss profile in the case of a single capacitor branch

This is a relatively high power loss for this specific capacitor. The relatively high power
loss is a result of having one single capacitor branch, which is to handle the entire ripple
current. Using this configuration will result in a short capacitor lifetime, as the hotspot
temperature would end up being above the rated one during a large part of its operation

cycle.

4.1.3 Bank configuration

In order to ensure a proper lifetime of the capacitors, a proper bank configuration is
required in terms of number of parallel branches, which will share the ripple current as
depicted in Figure 4.8
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Figure 4.8: Design of the capacitor bank by introducing several parallel branches to improve
the ripple current capability

There are some issues which should be considered, when laying out a grid of capacitors such
as the mutual heating among capacitors. If for example a grid of 3 x 4 is used the design
ends up having two capacitors, which are completely surrounded by other capacitors, the
capacitors placed in the center tend to get much warmer, than the surrounding capacitors
and the grid does therefore need external cooling. Introducing external cooling will lower
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the efficiency of the system, which is why that in a n x m grid either n or m should exceed
2. On the other hand a long and narrow bank configuration tends to complicate the goal
of equal sharing of the ripple current [20]. In regards to connecting capacitors in series
for voltage sharing purpose it also important that the capacitors in series operate at same
core temperature, as this will dictate the leakage current profile of each capacitor, which
is the main factor for the obtaining of voltage balance during steady-state conditions [20].
From the datasheet, it is stated that the used capacitor inherent a rated ripple current of,
tac;mar = 2.92A:ms at 120Hz, a ripple multiplier of 1.41 for frequencies f > 10kH z, which
are the relevant frequencies in this case [14]. The root mean square value of the current
frequency components are calculated by means of the Parseval theorem, which states that
the total energy is preserved through FFT and which can be expressed as [41]

£=100000

>, i (4.5)

£=50

lrms =

The bank configuration design could be obtained by means of design iteration until a
favorable lifetime is obtained as explained in 1.4. Instead it is chosen to develop a function
which describes the ripple current for each configuration to prevent the tiresome approach
of applying design iteration. The RMS current is calculated for each different parallel
configuration, for the operation condition which will result in the maximum current
injection in the DC-link. In this particular case, the condition is at SI = 1.0 and
T, = —20°. The resulting ripple current, as a function of n-paralleled converters, along
with the maximum rated value at the relevant frequencies are shown in Figure 4.9
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Figure 4.9: DC-link ripple current as a Function of n-paralleled capacitor branches

It can observed from Figure 4.9, that four parallel branches is required, to ensure that the
ripple current content will not exceed the ratings at any time during an entire operation
cycle. The power loss is once again calculated for each operational condition and the
annual power loss for the chosen bank configuration is obtained and compared to the one
consisting of one single branch. The annual loss profile for a 4 parallel capacitor branch
configuration is shown in Figure 4.10
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Annual loss profile for DC-link capacitor (4 parallel)
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Figure 4.10: Annual loss profile obtained with the selected bank configuration

As seen in Figure 4.10, the loss in each capacitor is decreased significantly, by adding
additional parallel branches for sharing of the ripple current.

4.1.4 Thermal model and the inclusion of local ambient temperature

A previously explained the main factor, which has a lifetime degrading effect is the
operational temperature of the capacitor also known as the hotspot temperature. The
annual hotspot profile can be obtained by means of applying the annual loss profiles to
the thermal network shown in Figure 4.11
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Figure 4.11: Thermal network used to obtain the annual hotspot temperature profile

where Ry, p is the thermal resistance from hotspot to case and Ry, is the thermal
resistance from case to ambient. The values for each is of the thermal resistances are
gathered from a thermal resistance chart, which is provided by a leading manufacture of
this particular type of capacitors [20]. The values used in this case are specifically for
the condition of free convection, which implies that no external cooling are applied the
capacitor bank. The used values are Ry, po = 3.28°C//W and Ry ., = 6.38°C/W. The
hotspot temperature can be obtained mathematically as

Th = Thc +Teq+To = Pprofile : (Rth,hc + Rth,ca) + T (46)

Applying the annual power loss profiles to the thermal network results in the annual
hotspot temperature profiles for both the 4-branch and the single branch configuration as
shown in Figure 4.12
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Annual hotspot temperature profile (4 parallel)

N
o

N
o

o

Temperature [°C]

_20 1 1 1 1 1 1 1 1 1 1 1
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Annual hotspot temperature profile (1 branch)

T T T T T

=
o
o

A
o

o

Temperature [°C]

1 1 1 1 1 1 1 1 1 1 1

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Figure 4.12: Obtained annual hotspot temperature profiles

The difference in stress caused by using different configurations is made very clear from
Figure 4.12 . With the annual hotspot temperature available, the lifetime of a single
capacitor can be obtained as [54]

Lo= Lo (43— 3.3 Y2). 95" (4.7)
Vr

Where L, is the lifetime obtained when the capacitor is operated at rated voltage and
at maximum hotspot temperature. V, is the steady-state operating voltage of the DC-
link, Vg the rated voltage of the capacitor and 7,, is the maximum operational hotspot
temperature. The accumulated damage caused by the annual profile can be obtained by
the ratio of the resolution of the mission profile and the lifetime model (4.7) evaluated at
each hotspot temperature contained in the profile as [80]

Da=)_ MPres (4.8)

Tm—Th,;

i Ly-(43-33-q2)-27 1

Iterating through the entire hotspot temperature profile, the lifetime of each configuration
is obtained as, operational years = 1/D 4 and the results are presented in Figure 4.13.
As seen in the right column, a lifetime of nearly 50 years is obtained for the chosen 2
x 4 configuration, which seems like a relatively long lifetime. One of the main causes is
that the global ambient temperature is used as reference temperature, when the stress
related temperature increase is added. During real-life operation the power electronic
components are located in an enclosure with a considerable amount of heat dissipation
and the environment in which the power electronic components are located in, are in fact
not the global ambient temperature but the local one in the enclosure.
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Lifetime for different bank configuration Comparison
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N parallel Capacitors

Figure 4.13: Lifetime obtained for a single branch configuration and a 2 x 4 configuration

Similar to the analysis of the IGBTs, an additional local ambient term is added to the
existing model, in order to obtain a more realistic hot spot temperature profile. The
contribution for the local temperature is once again proportional to the power dissipated
in the capacitor, which results in the following expression for the hotspot temperature

1

Th = Thc + Tea + Tlocal +T, = P)loss : (Rth,hc + Rth,ca +35- 2
loss,rated

)+Ta  (4.9)
As stated in 3.2, the chosen temperature difference is of approximately 35°, between the
global temperature and the local at rated conditions. As the finite element analysis, was
not conducted for this particular system, the proportional constant is chosen accordingly
to the research in [65]. The thermal network with the adapted local ambient temperature
contribution is shown in Figure 4.14

m T T Tl (Ploss) TA

R R
PProfile th,hc th,ca

Figure 4.14: Thermal network of the capacitor including the adaptation of the local
ambient temperature

Applying the annual loss profile to the thermal network the annual hot spot temperature
in shown in Figure 4.15 along side the obtained lifetime when applying the annual hotspot
temperature to the lifetime model (4.7).

With a lifetime of a fixed value at hand, parameter variation is taken into account by
means of an uncertainty analysis.
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1O(I)A\nnual Hotspot Temperature Profile (4 parallel)
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Figure 4.15: The obtained annual hotspot temperature and obtained lifetime when taking
local ambient temperature into account

4.1.5 Sensitivity analysis and lifetime distribution

Before initializing the sensitivity analysis of the DC-link capacitor, an assumption is made
that the capacitor was applied non-constant loading during the testing, which constitute
the basis of the developed lifetime model. If the case was, that the lifetime model was
developed under the circumstances of constant current applied through the life cycle of the
testing, the increase of the ESR, caused by wear-out, would already be taken into account
and there would be no reasoning for including it in the sensitivity analysis. According to
[20], the ESR can double its value when approaching end-of-life, which will accelerate the
wear-out of the capacitor significantly. The influence of including variation of the ESR, in
terms of the parameters it will inflict, is shown in Figure 4.16

ESR Th.ermal mm
) Resistance
lrms Ploss Th

. T,

Figure 4.16: Visualisation of which parameters which will be influenced by the variation
of the ESR

As shown in Figure 4.16, the variation of ESR will cause variance in the losses, which
will cause variance in the hotspot to ambient temperature and in the end cause variance
in the hotspot temperature. Initially the static value of the hotspot temperature will
be determined from two different hotspot temperature profiles. One obtained with the
rated ESR value at the beginning of operational life and one hotspot temperature profile
obtained with an ESR value at the wear-out phase of the capacitor. The difference in the
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two static hotspot temperature values will constitute the variance, caused by using the two
different ESR values. The static equivalent of the hotspot temperature can be obtained
by rearranging Equation (4.7) and the following is obtained

length
10- ln(3600L 5 )
cHo T

T o = — m 4.1
h,static ln(2) + ( 0)

where length,,,, is the amount of temperature points contained in the annual hotspot
temperature profile. The factor of 3600 is needed to convert the resulting operational
lifetime in hours, which is obtained from a profile with a resolution of one second. The
mean of the hotspot distribution is the static equivalent value obtained with the use of the
rated ESR value and the variance is obtained from the difference of the two static values.
The obtained hotspot temperature distribution and the according lifetime distribution is
Shown in Figure 4.17.
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Figure 4.17: Hotspot distribution obtained by introducing variance of the ESR and the
according lifetime distribution

As it can be observed from the lifetime distribution shown in 4.17; a four year range is
observed within two standard deviations from the mean. Two standard deviations from
the mean corresponds to a 95% confidence interval (CI) and therefore it can be stated,
that as a result taking the uncertainty of the ESR value into account, the lifetime of one
single capacitor is 95% certain to be within a lifetime of about 30 to 34 years. It can
be argued whether or not it is valid to include variance in the lifetime model parameters
due to different operation conditions, since this is exactly what the lifetime model does,
it converts the rated life, L,, at maximum rated conditions, into other conditions. None
the less, a small variation of the rated life parameter of 2 % was include to examine the
effect on the obtained lifetime. The resulting rated lifetime parameter distribution along
with the corresponding lifetime distribution is shown in Figure 4.18
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Figure 4.18: Rated life parameter distribution and its corresponding lifetime distribution

as observed in the distribution plot in Figure 4.18, the variance of the rated lifetime
parameter resulted in a lifetime range of one year within a 95% (CI), which is a relatively
small range and is most likely a result of choosing a conservatively variance percentage. It
can be concluded, that it does have some effect on the overall lifetime. The last parameter,
which is subjected to variation, is the exponential parameter which divides the difference
in hotspot temperature and the maximum rated hotspot temperature.
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Figure 4.19: Exponential lifetime parameter distribution and its corresponding lifetime

distribution
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The cause for including variation, is due to different operating conditions compared to those
during lifetime testing. The case of including variation to the exponential parameter, can
better ba justified, as this is not a parameter, which is directly linked to the rated values
used in the lifetime model. The parameter is usually fixed at a value of ten and the
variation of the parameter is chosen to be at a value of 2%, which results in the parameter
distribution and the corresponding lifetime distribution shown in Figure 4.19. As observed
in the lifetime distribution this parameter has a significant influence on the lifetime, which
makes sense, as the size of this parameter dictates how much the difference in actual
hotspot temperature and the rated hotspot temperature will influence the lifetime. It
can be observed that a range of four years within a 95% CI, is caused by variating the
exponential parameter by only two percent. Finally, a Monte Carlo analysis is executed,
where the variation of all parameters are included to obtain an overall lifetime distribution.
In this case, the total variation does only include the variation in hotspot temperature
caused by ESR variation and the exponential lifetime model parameter, as the author do
not believe, it can be truly justified to include to rated lifetime parameter. The overall
lifetime distribution and the corresponding cumulative distribution function for one single
capacitor and two series connected capacitors are shown in Figure 4.20.
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Figure 4.20: Overall lifetime distribution and its corresponding cumulative distribution
functions

As it can be observed in Figure 4.20, the total lifetime distribution of a single capacitor
is with 95% confidence within a range of 6 years and the B; value for both a single
and two series connected capacitor is approximately 27 years, whereas their Big value is
approximately 30 years. The obtained By values will be used as part of determining the
overall lifetime of the entire system in Chapter 5
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4.2 Inherent diodes in the inverter power module

As the analysis for diodes is more or less analogous to the one carried out in Section
3.2 for IGBTS, this section will mostly consist of presenting the results obtained for the
inherent diode in the inverter power module, as to avoid to present the same material
twice. The aspects which differ for diodes in respect to active switches, will be pointed out
and elaborated.

4.2.1 Power loss comparison of IGBTs and diodes

A major aspect, which can lead to lifetimes for diodes, which differs from those obtained
for the IGBTS, is the losses generated in the diodes. A major difference is that the turn-on
transient of diodes is very fast and efficient and the turn-on losses are therefore neglected
when considering the diode losses. During turn-off transient of the diode there is generated
losses due to the phenomenon known as reverese recovery, which leads to current flow in
the reverse direction until the forward voltage is removed. The energy loss during turn-off
can be expressed as [52]

ED,'r'r = er Vi (411)

where @), is the reverse recovery charge, which is stated in the datasheet provided by the
manufacturer, V; is the diode blocking voltage during turn-off. During on-state the diode
will inhibit conduction losses in the same manner as the IGBTs and the model for the
diode during on-state is shown in Figure 4.21

i
D >
Vpo Rp D -—Ideal

Figure 4.21: On-state diode model

which leads to the following expression for the conduction losses
PCO" = VD,O ’ iD,TmS + RD(T[OC]) ’ iQD,rms (412)

where Vp is the forward voltage of the diode. In the same manner as for the IGBTs
the datasheet information regarding the diode losses is extracted and modelled in the

simulation software as shown in Figure 4.22 and Figure 4.23 respectively
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Legend:

— 125°
= 150°
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Figure 4.22: Look-up table used to obtain the turn-off energies of the diode

..................................................................................................................................

2.5 Legend:

— 350
— 125°
— 150°

Ven [V]

Figure 4.23: Look-up table used to obtain the conduction losses of the diode

As one half of the switching losses events is absent, in respect to the IGBTs the annual
stress profile can be expected to be somewhat lower than the one obtained for the IGBTs
and as the lifetime is evaluated by means of the exact same model, the lifetime of the
diodes can be expected to be higher than those of the IGBTs. The losses of both devices
is shown in Figure 4.24 at same operating conditions.
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Figure 4.24: IGBT switching losses, diode Turn-off losses and the periodically averaged
losses for comparison
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Figure 4.25: IGBT conduction losses, diode conduction losses and the periodically averaged
losses for comparison

it can be observed from the bottom most plot in Figure 4.24, where the periodically
averaged losses of both the IGBT and diode are shown, that the switching losses of the
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IGBT is considerably higher, than those of the diode, at same operating condition. The
same comparison is now done for each of the devices conduction losses as shown in Figure
4.25. As it can be observed in Figure 4.25, the conduction losses in the IGBT is multiple of
the conduction losses of the diode. The thermal model from case to ambient is shared with
those of the IGBT and only the thermal impedance from junction to case differs, which is
extracted parameters from the datasheet of the manufacture and which are presented in
Figure 4.26

1 2 3 4
R 0.0436 KW 0.2673 K/W 0.2592 K/W 0.2349 K/wW

T 0.01s 0.02s 0.05s 01s

Figure 4.26: Foster parameters representing the junction to case thermal impedance of the
diode

The complete mission profile translation analysis, as presented in Figure 3.16, is carried
out for diodes as well and the annual thermal loading profile is obtained as shown in Figure
4.27.
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Figure 4.27: Diode annual thermal loading profile

As expected the profile is shifted to somewhat lower degrees, when compared to the annual
profile of the IGBTs, which are shown in Figure 3.15. After applying the rainflow algorithm
to the obtained annual profile, the stress variables was applied to the same lifetime model
(3.6), as used for evaluation of the lifetime of the IGBTs. Accumulating the damage from
the applied profile shown in Figure 4.27 and the obtained lifetime for a single diode is
approximately 13 years, which is somewhat higher, compared to the IGBTs, as expected.

4.2.2 Monte Carlo analysis and B10 lifetime

Initializing the Monte Carlo analysis by once again determining the static equivalents and
as the number of cycles to failure is higher than the one obtained for the IGBTs, the
static equivalent values are expected to be lower. The static value of the mean junction
temperature, T} mean,static 15 38.46°C and the static value of the junction temperature
fluctuation, ATj stetic is 37.16 °C. The parameters, which are modelled as distribution
functions are exactly the same as for the IGBTs and a sensitivity analysis, of how much
influence each parameter has on the lifetime, will therefore not be presented again as only
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the mean values of the distribution functions will differ. Instead, the analysis will only
include the overall lifetime distribution and the according cumulative distribution function,
which are both shown in Figure 4.28
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Figure 4.28: Diode Lifetime Distribution and Cumulative Distribution Function

Observing the unreliability plot in Figure 4.28, it can be seen that a By of 10 years was
obtained for the diodes, which as expected, was higher compared with those of the IGBT.
The obtained Bjg value will be used to obtain an overall system lifetime in chapter 5.

4.3 Chopper diode in the DC/DC stage

As every aspect concerning the lifetime estimation of diodes has been explained in the
previous section only the loading profile and lifetime distribution will be presented for
this particular diode. The annaul loading profile, obtained by means of the previously
explained mission profile analysis, is shown in Figure 4.29

Annual Diode Junction Temperature Profile
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Figure 4.29: Diode annual thermal loading profile
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As it can be observed in Figure 4.29, the thermal stress is significantly higher, than the
stress which the diodes in the DC/DC stage are subjected to. The thermal loading profile
is even more aggressive than the ones for active switches in the DC/AC stage even though
the diode was shown to inhibit lower total losses. Executing the exact same Monte Carlo
analysis as for previous diode, the lifetime distribution and the according cumulative
distribution function shown in Figure 4.30 are obtained
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Figure 4.30: Diode Lifetime Distribution and Cumulative Distribution Function

The trend of the components of the DC/DC stage having a shorter lifetime is also reflected
through the obtained lifetime of the chopper diode used in the boost converter. The
obtained probability of failure function will be used to obtain an overall system lifetime in

chapter 5.
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System Lifetime
Assessment

In this chapter the the overall lifetime of the entire system will be determined.
This is done by means of considering each components individual unreliability
functions and combine each of them mathematically with the aid of reliability
block diagram analysis until an system unreliability function is obtained.

The impact of the failure of each of the systems components is now required to be taken
into consideration, as the impact of their respect failure will influence how each of these
component are connected in the reliability block diagram. If the failure of either component
will lead to failure of the system, the individual components will be connected in series as

shown in Figure 5.1

Ry R,

Figure 5.1: Reliability block diagram series connection

The reliability of a series connected system is the combined probability of no failure of

either component and which can be described as the product rule

Rsystem = H Ri (5.1)
i=1
As we are dealing with unreliability and not reliability a substitution of the following is
needed
F=1-R (5.2)

and the probability of failure for a series connected configuration can be expressed as

n

Fsystem =1- H(l - Fz) (53)
=1

In case of active redundancy, where the system is able to operate if either or both
components function, the reliability blocks are connected in parallel as shown in Figure
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Ry

R,

Figure 5.2: Dual redundant reliability block diagram configuration

The general reliability expression for active parallel redundancy is

n

Raystem =1 - [J(1 = Ry) (5.4)
i=1
considering the unreliability of a redundant configuration is simply the product of each
failure probability

n
Fsystem = H F; (55)
=1

Initially the unreliability of each stage will be determined and then the DC/DC stage, the
DC-link and the DC/AC stage will be treated as a 3-block series connection, which will
provide the unreliability function of the entire system.

5.1 Lifetime estimation of the DC/DC stage

The two components, which constitute the reliability analysis of the DC/DC stage, is the
IGBT and the chopper diode, which is both integrated in the same power module. As the
failure of either the IGBT or the diode will compromise the functionality of the DC/DC
stage the overall failure probability is determined by considered the components to be
connected in series and determined by the use of Equation (5.3) as

Facae =1 — F1aBr * Fdiode (5.6)

The individual unreliability functions are shown along with the unreliability function of
the DC/DC stage in Figure 5.3
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Figure 5.3: The unreliablity functions of the IGBT, diode and the entire DC/DC stage
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As shown in Figure 5.3, the By value for the DC/DC stage is one year, which is a result
of having two components with individually relatively low Bjg values.

5.2 Lifetime estimation of DC-link

In section 4.1 the probability of failure for one single branch, consisting of two series
connected capacitors, was obtained. The capacitor bank was designed to include 4 parallel
branches in order to achieve a proper ripple current capability. If either of these branches
will fail the DC-link will still be functional but the wear out of the remaining branches
will accelerate due to each of the remaining branches are handle more ripple current. The
failure of one branch will therefore also lead to changes in the failure probability of the
remaining capacitors. The change of failure probability if failure occurs will not be into
consideration and as the DC-link will be able to function with only one branch, m-out-of-n
redundancy will also not be necessary to include. Instead general active redundancy will
applied for the four capacitor branches in the DC-link and they will therefore be treated
as parallel connections as shown in 5.2. The probability of failure for the DC-link be
expressed by use of Equation (5.5) as

4
Faclink = H Fbranch,i (57)
=1

The obtained unreliability function for DC-link is presented along with the unreliability of
one single capacitor branch in Figure
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Figure 5.4: The unreliablity functions of one single capacitor branch and the DC link

It can be observed from Figure 5.4 that introducing redundancy in the system improves
the reliabity, as the Big value of the entire is higher than the Bjg one single capacitor
branch. A Bjg value of approximately 32 years was obtained for the DC-link.

5.3 Lifetime estimation of DC/AC stage

The DC/AC consists of six active switches with a antiparallel diode connected to each
of them. If either one if the switches or diodes fail, the inverter will no longer be able
be to generate its desired output. Since the inverter losses its function of one single
components fails, all individual components are connected in series when obtaining the
failure probability of the DC/AC stage. It is chosen to obtain the failure probability of
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the entire module by the product of the failure probability of the six active switches and
the failure probability of the six diodes as shown in Equations (5.8),(5.9) and (5.10)

6
Freprs =1 — H Frepr,i (5.8)
=1
6
FDiodes =1 — H Fdiode,i (59)
=1
Fycae =1 — F1GBTs - FDiodes (510)

Alternatively the failure probability product of one switch and one diode could be
determined and thereafter consider six combined switches and diodes to obtain the
probability of the module. Using the strategy explained, the failure probability functions
of one single IGBT, one single diode, six IGBTs, six diodes and the entire DC/AC stage
is shown in Figure 5.5
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Figure 5.5: The unreliablity functions of one single IGBT, one single diode, six IGBTs, six
diodes and the entire DC/AC

The obtained Bjg value of the power module, including all six active switches and six
antiparallel diodes, is approximately 2.4 years.

5.4 Lifetime estimation of the system

Finally, the reliability function of the entire system can be determined as the failure product
of each and the dc-link, as the failure of either will result in the systems loss of function.
Obtaining the failure probability as the product of each stages, the unreliability function

of the system is obtained as shown in Figure 5.6
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Figure 5.6: The unreliablity functions of the DC/DC stage, the DC-link, the DC/AC stage
and the entire system

It is clear from Figure 5.6, that the lifetime of the system is dictated by the reliability of
the DC/DC stage, as this is the subsystem which is least reliable. Combining the three
subsystems failure probability functions results in a system lifetime of one year, as was
the case with the DC/DC stage. The obtained Bjg values of the system is summarised in
Table 5.1

Obtained Bjg values
Single IGBT DC/AC stage | Bjp = 5.2 years
Single diode DC/AC stage By = 8.7 years
Inverter Power Modules Big = 2.4 years
DC link capacitor bank Big = 32 years
IGBT DC/DC stage Bip = 1 years
Diode DC/DC stage Byp = 4 years
Power module DC/DC stage | Big = 1 years
PV-inverter Big = 1 years

Table 5.1: Obtained Big values from the reliability analysis
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Experimental work

This chapter presents the laboratory implementation of the three-phase two-
level voltage source inverter. It is worth to mention that the simulation of
the inverter presented in previous chapters is not identical to the test bench
prototype as well as the controller parameters, which have been considered in
the laboratory setup

A laboratory test-bench was developed, which enables the possibility of measuring the
junction temperature of the power device, which are subjected to an one day mission
profile. In regards to the system ratings used in the project, the system ratings of the used
prototype is different and as listed in Table 6.1

Parameters of the PV-inverter used in the test bench
Rated power of the PV array P,, 2500 W
Rated output current I, 30 A
DC link voltage Vg, 600 V
DC link capacitance Cyg. 340uF
Filter inductance L f;jer 2.5mH
Resistive load Rjpqq 16.502
Switching frequency fs 10kHz
Fundamental frequency of the output current f, | 50Hz
Ambient temperature T, 25°C

Table 6.1: Electrical characteristics of the test bench

The power device in the prototype is the same 1200V /50A three-phase IGBT module from
[31], as used in the analysis throughout the report and which is shown in Figure 6.1. As
observed in the Figure, the print circuit board of the hardware prototype is custom made,
which provides direct access of the IGBT chip and the junction temperature can therefore
be measured by means of optic fiber, during the real-field mission profile operation.
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Figure 6.1: Hardware prototype of the PV inverter test-bench

As discussed in Section 3.2, the thermal stress is highly dependent on the loading dynamics
and in order to demonstrate the impact of mission profile dynamics on the thermal stress,
a real-field mission profile is subjected to the test bench prototype and the thermal stress
profile shown in in Figure 6.2 is obtained
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Figure 6.2: Junction temperature measure of IGBT chip, when subjected to a one-day
mission profile

From the stress profile shown in Figure 6.2, it can observed that the thermal dynamics
replicates the tendency of the loading profile, which is presented in terms of maximum
power, maximum voltage and maximum current, shown in Figure 6.3
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Figure 6.3: Maximum power, voltage and current extracted from the PV-array

For further work it could highly relevant to compare the present experimental results, with
the mission profile modelling, as was presented in Section 3.1.1. It would also be relevant
to compare multiple configurations of the thermal models, with the experimental results,
this would provide the knowledge of how much accuracy is lost when using steady-state
models, which is only based on thermal resistances. Steady-state models are often used
when dealing with long-term stress profiles for the sake of their convenience. There is no
doubt that stedy-state models are capable of capturing the slow dynamics of temperature
change whereas solar irradiance can change abruptly due to shifting in cloudy weather.
Additional to validating different thermal models with the obtained experimental data,
it would also be relevant to examine how each of these models perform under different
mission profile resolutions and under different data sampling frequencies.
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Conclusion and Discussion

7.0.1 Achieving the pre-specified project objectives

The main objective of this project was to estimate the lifetime of a two stage PV-inverter
when the system was subjected to a real-field loading mission profile. The desired outcome
of conducting such analysis, was to be able to identify the critical components in terms of
reliability.

e Initially, each part of the system was modelled with great detail, which enabled
the possibility to control the stress applied to each of the systems components and
thereby being able to replicate the stress, which was dictated by the real-field mission
profiles.

e Each component contained in the system was subjected to state-of-the-art reliability
modelling in terms of translating the real-field mission profiles and in terms of
the analysis concerning the wear-out, which resulted in the knowledge of the
lifetime consumption due to long-term operation. The challenging points, which
led to assumptions, was highlighted along the progress of the report, such as
stating assumptions regarding the heatsink thermal impedance and the temperature
contribution from the power electronic being located in protective enclosure.

e Additionally large efforts was made to include all the relevant uncertainties for
each individual component by means of including electrical parameter variation
and the highly influential variation of the lifetime model parameters. Including the
uncertainties lead to lifetime distributions, which is a large improvement in lifetime
estimates when compared to single value estimates which only occurs in ideal cases.

e The design for reliability aspect was included in the analysis it terms analysing
different subsystem configurations, which could lead to improved reliability. Different
DC-link configurations was examined in order to improve the lifetime, while still
considering the issues related to having a bank configuration consisting of a large
number of capacitors

The lifetime distributions and unreliability functions of each individual components was
used to obtain the distributions and unreliability of the subsystems by use of statistical
theory. Finally, each subsystem was used to determine the lifetime distribution of the
entire system.

From carrying out the reliability analysis, it can be concluded that the most critical
components are the active switches, namely the one being part of DC/DC stage. By
reaching this conclusion, there are some issues which could inflict the outcome and which
needs to be discussed.
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7.0.2 Discussion

There are a few factors, which could have a significant influence on the obtained outcome.
First is the method of how the lifetime model parameters was obtained, which was
conducted by means of fitting the experimental lifetime data provided by the manufacture.
Loosing only slightest precision when extracting the data points, which are used to
determine the lifetime parameters, will have a significant influence on the outcome of the
lifetime model. Asshown in sensitivity analysis, performed in Section 3.1.3, the exponential
parameter, which is linked to the junction temperature variation has a large influence on
the obtained lifetime and even a small change of this parameter results in very different
outcomes.

The obtained lifetime model parameters was compared with some from the literature,
which are used as reference in this project and the parameters used in this particular case
was somewhat aggressive when compared to others, which could be the main cause of
the relatively low lifetime estimations obtained in this project. Still the purpose was to
identify the critical components and therefore should the lifetimes not be considered for
their absolute values but how the lifetime of each component is relatively to each other.
The outcome of their relative values is a fully valid result, as these component, with the
exception of the DC-link capacitor, is evaluated with the use of the exact same lifetime
model. It is therefore valid to compare the lifetime of the active switches and the diodes
whereas the comparison of the lifetime of the DC-link capacitor with the remains of the

system components.

As previously stated, the analysis revealed that the components in the DC/DC stage was
subjected to a higher stress when compared to the ones in the DC/AC stage. One of the
possible main causes, is that the active switch and the diode in the DC/DC stage are
subjected to all the transferred energy whereas the loading is distributed among all six
power devices in the DC/AC, during a full fundamental period. Another possible cause
for the shorter obtained lifetime at the DC/DC stage is that, even though the module
was chosen with a margin with respect to the maximum loading condition, the margin of
the DC/DC module was not nearly as big as the margin, which was available with the
chosen module in the DC/AC stage. Also the thermal resistance of the power module,
used as realisation of the boost converter, was twice the value of the thermal resistance of
the power module of the inverter. As the two stages shared the external thermal network,
a higher junction to case thermal impedance of the DC/AC module will lead to higher
thermal loading.

In terms of the obtaining the stress, the mission profile translation analysis used in this
project was thorough and detailed. Yet one major factor, which could be a source of
error, is the assumption of the thermal impedance case to ambient. A finite element
analysis, would have provided the actual thermal impedances and would have been a large
improvement of the thermal-electro modelling part. With respect to the translation of the
operating conditions to annual profiles, the use of linear interpolation is fully justified, as
an extensively amount of operation conditions was used in this project, namely 11 different
solar irradiance intensity each at 13 different temperatures. The adopted method is precise
but also extremely time consuming in terms of simulation hours.
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Finally, more work could have been put into comparing different module solutions at each
stage, but as this is already a comprehensive project, it was chosen not to be included.

7.0.3 Further work

e Extend the analysis to include several generation units, which should consist of
both wind generation and solar generation. The extended analysis should merge
the power electronic reliability concepts with those of power system reliability and
should also include the phenomenons which are related to having parallel converters
in one system. The CIGRE LV distribution network, which is shown in Figure 7.1,
could be an obvious case for conduction such analysis, as it consists of several different
generation and storage units.
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Figure 7.1: CIGRE LV distribution benchmark network 7.1
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