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Abstract

Modern DC power systems consist of a large number of power electronic converters and associated
equipment. On a ship, this power system is typically divided into two identical parts on the port and
starboard sides. These duplicated power systems are often isolated from each other to prevent a fault on
one side from propagating to the other side and affecting the entire system, avoiding a total blackout on
the ship. A major drawback of this two-split configuration, though, is that it is impossible to share power
between both sides, reducing the functionality of the system. Therefore, to connect both sides while
maintaining the safety of an isolated system, a solid-state circuit breaker (SSCB) can be used, which is
reusable, unlike a fuse, and is able to interrupt the current much faster than a standard mechanical circuit
breaker. However, due to the relative novelty of this component, the impact of mission profile variation
and electrical disturbance on the SSCB lifetime is unknown.

To obtain the SSCB lifetime, mission profile analysis was performed, resulting in a lifetime as a conse-
quence of wear-out failure mechanisms due to thermomechanical fatigue that would be used as the base
case. Based on the mission profile, an SSCB model was designed following considerations for: Current
interrupter topology, rated voltage/current of the components, peak voltage/current of the components,
voltage clamping circuit, and the cooling. After choosing suitable components, their junction temper-
ature profiles were obtained via iterative calculations with the power loss and the junction temperature
using a Cauer model without thermal capacitance. With the rainflow counting algorithm, information
regarding the cycle count, temperature swing, mean temperature, minimum temperature and the power-
on-time per class was obtained. These were used in the CIPS with correction lifetime model, which
obtained the cycle-to-failure of each relevant component. Transforming them into a reliability curve per
component and multiplying them together resulted in the reliability curve of the SSCB. To estimate the
impact on the lifetime of the electrical noise through the SSCB in comparison to the mission profile, a
dynamic model was designed to take thermal capacitance into account, unlike the iterative model.

To quantify the impact of different stressors on the SSCB lifetime, changes in the mission profile, SSCB
configuration and operational parameters compared to the base case are made. It was seen that the charg-
ing current, corresponding to changes in the maximum stress within the mission profile, has the most
significant impact on the SSCB lifetime, while having a relatively minor drawback of a varying charging
period. Bi-directional charging and changes in the coolant temperature were shown to have a relatively
low impact on the lifetime. Load sharing between parallel components in a module significantly in-
creased the lifetime, but at a cost of practically investing in a second SSCB. Concerning the impact of
noise on SSCB lifetime with respect to the damage done by the mission profile, it can be concluded
that high-frequency noise, such as the common-mode and differential-mode noise, has a negligible effect
on the lifetime of the SSCB when solely focusing on wear-out mechanisms due to thermomechanical
fatigue.
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Chapter 1

Introduction

Modern DC power systems consist of a large number of power electronic converters and associated
equipment. These interconnected systems form the necessary backbone for energy exchange and conver-
sion between generation, storage and consumption and are thus essential parts of the DC power system.
On a ship, this power system is typically divided into two identical parts on the port and starboard sides.
These duplicated power systems are often isolated from each other to prevent a fault on one side from
propagating to the other side and affecting the entire system, avoiding a total blackout on the ship.

A major drawback of this two-split configuration, though, is that it is impossible to share power between
both sides, reducing the functionality of the system. Therefore, to connect both sides while maintaining
the safety of an isolated system, a solid-state circuit breaker (SSCB) can be used, which is reusable,
unlike a fuse, and is able to interrupt the current much faster than a standard mechanical circuit breaker.
However, due to the relative novelty of this component, the impact of mission profile variation and elec-
trical disturbance on the SSCB lifetime is unknown.

With the SSCB constantly exposed to sudden electrical overstresses, it can cause the components to break
down prematurely due to random chance failures. However, when they operate under rated conditions
with a fixed daily mission profile, the failure mechanisms that are most frequently observed in power de-
vices are due to thermomechanical fatigue stress in the device packaging caused by temperature swings
that the device endures during its lifetime [9]. These eventually cause wear-out failure mechanisms such
as bond wire lift-off and solder cracks.

In the case of high-frequency disturbances in the power system (in the kHz range), it is unclear whether
the consequent thermal fluctuations would have a noticeable impact on the wear-out of the device.

Therefore, the main scope of this thesis is to quantify the thermal impact of a mission profile and electrical
disturbances seen on DC shipboard power systems on the reliability of solid-state circuit breakers used
as a DC bus tie.

1.1 Research objective

This thesis aims to give an insight into the sensitivity of solid-state circuit breaker reliability when the
mission profile is altered, and due to high-frequency disturbances such as Common-Mode (CM) and
Differential-Mode (DM) noise present on the DC bus. Therefore, the main research question is:

What is the impact of changes in mission profile and CM/DM noise on the lifetime of a solid-state
circuit breaker as a bus tie in a DC ship power system?

To answer this research question, it is divided into several sub-research questions:

1. Which considerations should be taken into account when designing the SSCB?



To obtain results that are representative of real applications, a model representing the physical
structure of the SSCB has to be made. To do so, suitable topologies and components have to be
selected based on a required power rating and given use case. Once obtained, the next question
can be answered:

2. How to obtain a lifetime estimation of the SSCB as a consequence of thermal fatigue?

To model the impact that thermal fluctuations have on component lifetime, a thermal profile is
derived from which the number of thermal cycles can be counted. Using existing lifetime models
to analyse a specific mission profile with ideal direct current (DC), the reliability is then obtained.
However, not all ships have the same mission profile, SSCB configuration and operational param-
eters. Such changes will have a certain impact on the SSCB lifetime; thus, the following research
question is stated as:

3. What is the sensitivity of SSCB lifetime due to changes in the mission profile, SSCB configuration
and operational parameters?

By applying different changes compared to the base case separately, the individual effects of each
change can be studied to observe their consequences on the lifetime. Still, it is unknown whether
high-frequency noise present in the power system will also contribute to the degradation of the
SSCB, leading to the last research question:

4. To what extent does electrical noise have an impact on the solid state circuit breaker reliability
compared to the mission profile?

1.2 Thesis outline

To answer the research questions, this thesis is composed of seven chapters defined as follows:

Chapter 2: Literature review

This chapter is divided into three sections. First, it gives an overview of the current state of solid-state cir-
cuit breaker technology, providing information about topologies and the semiconductors available. The
second part explains the types of failures electrical components endure and presents models to estimate
their lifetimes per type of failure. The third part briefly explains typical electrical disturbances seen on
ship power systems.

Chapter 3: SSCB modelling

Explains the base use case for which the SSCB should be designed. Then defines the factors that should
be taken into account when sizing the components in the SSCB for the aforementioned use case, after
which suitable commercially available components are selected.

Chapter 4: Reliability modelling

Defines the steps taken to obtain the estimated lifetime curve as a consequence of one type of failure,
namely wear-out failures. Furthermore, it provides design choices for the used lifetime models and jus-
tifies parameter selections.

Chapter 5: Sensitivity analysis

Presents the effects on SSCB lifetime due to changes in mission profile, additional components in paral-
lel, and different operational conditions. These results are then compared with the base reliability model
to quantify the impact each adjustment has.



Chapter 6: Electrical disturbances

Investigates the impact that electrical disturbances, such as CM and DM noise current, have on the relia-
bility of the SSCB. By sweeping through the amplitude and frequency of noise current, a graph is made
estimating the impact on the lifetime compared to the base case.

Chapter 7: Conclusion & Future work
The final chapter presents the conclusions of the research project, as well as recommendations for future
work to enhance and extend this research.



Chapter 2

Literature Review

2.1 Introduction

This literature review aims to present the current knowledge surrounding the Direct Current Solid-State
Circuit Breaker (DC-SSCB), and, where applicable, with emphasis on usage as a bus-tie in a DC ship
power system. It focuses on components most prone to failure and modelling techniques used to estimate
the device lifetime. In this literature review, first, the semiconductor technologies, SSCB topologies, and
voltage clamping circuits are discussed. Then, the functioning of reliability estimation methods for
random failures: MIL-HDBK-217, IEC 61709, and FIDES is explained. Next, the consequences of
wear-out failures due to thermomechanical fatigue and how to model them using lifetime estimation
models are discussed. Lastly, the possible effects on the reliability of high-frequency disturbances such
as the common-mode (CM) and differential-mode (DM) noise from a ship power system are reviewed.

2.2 Solid-state circuit breaker

To give an insight into the current technologies available for a solid-state circuit breaker, this section aims
to give an overview of the types of switches and topologies used in the current interrupter. Furthermore,
different types of voltage clamping circuits with their own strengths and drawbacks are presented, which
is useful to select optimal components for the current interrupter.

2.2.1 Layout of SSCB
A typical SSCB consists of the following key components [1]:

 Current interrupter: A unidirectional or bidirectional circuit using switches which block the current
as fast as possible in case a fault seen by the SSCB occurs.

* Cooling: Keeps the current interrupter within the operating temperature window.

* Voltage clamping circuit: Used to absorb the excessive energy from system inductances during
fault interruption.

* Trip sensor: Detects whether a fault current is flowing through the SSCB.
* Gate driver: Controls the current interrupter.

* Mechanical switch: Used to fully disconnect the SSCB after fault current has been cleared, isolat-
ing both sides of the SPS from each other.

The interconnection between these components is described in Figure 2.1.



Voltage

clamping circuit
Mechanical Mechanical
switch Isscs Issca switch
/c Current o\
: Interrupter
| Cooling
|
Trip sensor ——  Gatedriver

Figure 2.1: Key components typical SSCB [1]

2.2.2 Current interrupter switch

The power semiconductor switch, as part of the current interrupter, is the main component of the SSCB.
The component should cut off the current as fast as possible when a fault occurs, and it is the component
through which the main power flows during regular operation. In [1], a summary of the power semi-
conductors used for SSCBs is given. It can be noted that the higher the power rating, the more bipolar
devices are used, such as the insulated-gate bipolar transistor (IGBT), the integrated gate-commutated
thyristor (IGCT) and the gate turn-off thyristor (GTO). These devices use both the minority and majority
carriers as charge carriers during the on-state (conductivity modulation), leading to higher on-state con-
ductivity and, thus, fewer conduction losses. To enable reverse-voltage blocking capabilities, a diode has
to be inserted in series with the bipolar device. Except for the special type of IGCT called the Reverse
Blocking IGCT (RB-IGCT), which already has built-in reverse-blocking capabilities due to an additional
p~ junction in its structure compared to the IGCT [10].

2.2.3 Current interrupter topology

The authors of [1] give a review of the many topologies used for the current interrupter in the SSCB.
In this case, the focus is on fully controlled switches due to the simple topologies that can be used to
block a large range of voltages and currents. From Figure 2.2, it is seen that these switches are placed
in anti-parallel, anti-series, or rectifier-assisted topologies, depending on the semiconductor used. These
configurations enable the bidirectional breaking of the current, which will prove to be useful for power
sharing when used as a link between power systems.



Anti-parallel

RB-IGCT

reverse blocking
A-IGCT + series
Anti-parallel + diode
— reverse blocking
diode e di
Fully controllable GTO + serics diode
switches
Rectifier assisted —— IGBT
FET devices
Anti-series IGBT + freewheeling
reverse conducting diode
IGCT + freewheeling
diode

Figure 2.2: SSCB topologies tree for the fully controlled switches and the typical switches per topology
(1]

Experimentally validated topologies are summarised in [11] and [1]. From it, the following three are
highlighted:

1. Anti-parallel RB-IGCT [12]: An option is using two reverse-blocking IGCTsS in anti-parallel con-
figuration to enable bi-directional functionality. IGCTs have lower conduction losses than IG-
BTs [13] because they conduct like a thyristor in the on-state. Next to that, it has an IGBT’s hard
switching turn-off capabilities, making it able to withstand switching at high currents. However, a
standard IGCT, without an additional diode in series, can only block current in a forward direction.
An RB-IGCT solves that issue by having inherent diode properties in a single device. This reduces
the number of components needed in the topologies, reducing failure probability. To reduce the
voltage overshoots, a metal-oxide varistor (MOV) is placed in parallel with the RB-IGCT as a
voltage clamp, resulting in a topology like Figure 2.3a. To increase the nominal current handling
of the SSCB, a second branch can be added in parallel without creating instability [13].

However, the main drawback of using RB-IGCTs is that, due to the novelty of the device (first in-
troduction by ABB in 2015 [14]), not many variations in power rating are commercially available
yet.

2. Rectifier assisted IGBT [15]: This second type of SSCB uses a singular or multiple IGBTs in
parallel, dependent on the current rating, in conjunction with a full bridge rectifier to enable bi-
directionality. The main benefit of this topology is that it uses common components and that it is
a simple topology that can easily be expanded to increase the current rating. However, the main
drawback is that the current has to flow through at least 3 components at all times, namely two
diodes and one IGBT, meaning more components are subjected to thermal stresses compared to
the RB-IGCT topology.

3. Anti-series IGBT [16]: This topology is also based on reverse-conducting IGBTs with a free-
wheeling diode. A choke is placed between the IGBTs to limit the current during an event of a
short-circuit and to measure whether a fault has occurred to trigger the switch. This topology of-



fers a good balance between conductivity efficiency due to the current having to pass just an IGBT
and a diode to flow, and affordability with the usage of two simple IGBTs.
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Figure 2.3: Simplified topologies of selected SSCBs

In an application where the SSCB is used as a bus tie between two DC buses and is expected to be opened
only in a rare event of a fault, the main focus should be on conduction efficiency. Moreover, to be used
in cramped switchboard rooms of ships, the size and number of components also play a role. However,
it is to be noted that it is unclear how changes in topologies, e.g., using a different semiconductor in
the same topology or putting separate SSCBs in parallel to increase the nominal current, might affect
the performance of each individual component. Further research has to be done to ensure the actual
optimised topology is chosen for each individual application.

2.2.4 Voltage clamping circuit

The last part that should be investigated is the voltage clamping circuit across the current interruption part
of the SSCB. Following [1], three main types of clamping circuits exist. The first are RC(D) snubbers,
the second consists of metal-oxide varistors (MOV), and the final one uses transient-voltage-suppressing
(TVS) diodes. This voltage clamping circuit must prevent the IGBT from reaching its maximum rated
peak voltage during turn-off by absorbing the energy from parasitic (or externally inserted) inductances
and releasing it back into the power system gradually. Each voltage clamping circuit will clamp the
maximum voltage at a different level. Nominally, the TVS diode will clamp the voltage at the lowest
level of around 1.5 times its rated nominal voltage, the RC(D) will clamp it at 1.75 times nominal voltage,
and the MOV generally around twice its rated nominal voltage [1].

RC(D) snubber

The RC or RCD snubber consists of a resistor and a capacitor in series, and optionally a diode across the
resistor. After turning off the IGBT during a fault, the capacitor in the snubber will absorb the energy and



release it back into the power system. However, doing so will result in electrical oscillations in the system
due to resonance between the inductance and the capacitance. To combat this, a snubber resistor is placed
in series with the capacitor as a damper. The bigger the resistor, the faster the absorbed energy from the
capacitor is dissipated into it. A drawback, however, is that during turn-off, the redirected current from
the switch to the snubber must pass through the snubber resistor, which can counterproductively increase
the voltage across the IGBT. To solve this, a diode can be placed across the resistor to give the current a
seemingly resistance-less path to the capacitor, while maintaining the dampening effect of it during the
release of the absorbed energy. A major drawback of this type of snubber, though, is that it only works
unidirectionally, meaning that it is unsuitable to be used in a bidirectional SSCB functioning as a bus-tie.

MOV

The second option would be to use a metal-oxide varistor. This is a bidirectional component which func-
tions as a nonlinear resistor. [17] gives an in-depth explanation of the physics of the MOV. It consists of
many small metal grains, mostly zinc oxide (ZnO), surrounded by intergranular material. This material
has insulating properties under nominal voltage, creating a boundary through which very little current
can pass. This means that the MOV behaves as an open circuit during standard operation under nominal
voltage. When the voltage passes a threshold during the opening of the current interrupter, the intergran-
ular boundary breaks down, similarly to a p-n junction of a diode while forward biased. Consequently,
its resistance decreased, and current is able to pass through it, dissipating the energy from the system’s
inductance. It stays conducting until the voltage eventually drops below the threshold again and returns
to an open-circuit state.

A drawback of the MOV is its limited lifetime due to the degradation of the insulating material inside
each time the clamping circuit is used. However, when used as part of an SSCB as a bus tie on a ship
power system, emergency turn-offs are a rare case, which means that the MOV would not have to be
stressed often, making this drawback acceptable.

TVS

Lastly, there is the transient-voltage-suppressing (TVS) diode. This diode behaves similarly to the MOV,
but has a faster response time at a higher cost [1]. Whereas regular diodes would be destroyed by
avalanche breakdown if the blocking voltage exceeded their rating, the TVS diodes are specifically de-
signed to make use of that overvoltage (to a certain degree) and let current flow in a reverse-bias direction,
after which they return to their regular reverse blocking state.

2.3 Reliability Estimation

This section aims to find the components in devices most prone to failure. Next, it summarises the
existing reliability modelling techniques for the random chance failures. Furthermore, the cause of wear-
out failures is explained, and the models to estimate the lifetime of the components as a consequence of
thermal-mechanical fatigue are presented.

2.3.1 Components prone to failure

From a 2011 survey [18], it can be noted that the most vulnerable components are the power semicon-
ductors in a device, followed by capacitors, gate drives, connectors, inductors and resistors. Since no
capacitors are present in the highlighted SSCB topologies, only the power semiconductors inside the
current interrupter are considered in this reliability research. Considering the power from the power sys-
tem to the SSCB will flow through them, they are the most susceptible to main failure stressors such as
electrical loading and temperature cycling [3]. On the other hand, the gate driver does not experience
the same electrical loading nor temperature cycling as it is being powered by an auxiliary power supply



and is expected to always keep the switch in the on-state unless a fault occurs. Thus, together with the
low failure probabilities of the connector, inductor and resistor [18], none of the components except the
power semiconductors are taken into account for reliability research.

Although there is always a possibility of some failure due to human and software errors, this literature
review focuses on random hardware failures, which can be divided into constant failures, wear-out fail-
ures, and early "infant mortality" failures due to fabrication faults. Together, these failures produce the
characteristic "bath-tub" shown in Figure A.1. However, the latter is omitted, since it is assumed the
components are past their infant mortality phase.

2.3.2 Random chance failures

The failure probability of random chance failures is assumed to be constant throughout the entire lifetime
of the component. Random chance failures are described as catastrophic failures, mostly due to high
bursts of temperature, voltage, or current causing extrinsic faults such as break-downs and bond wire
ruptures [9] [19] [20]. The failure mechanisms for the power device can be found in Table A.1. Different
methods have been devised to model random chance failures, and the most relevant ones are highlighted
in the following sections.

MIL-HDBK-217

First is the MIL-HDBK-217. This reliability prediction method is the oldest and was devised by the
United States military to estimate the lifetime of standard components. The main principle of this method
is to take an empirically derived base failure rate of a component and multiply it by all kinds of different
stress factors to obtain the failure rate (in failures/10° hours). For a low frequency(<200MHz), bipolar
transistor such as the IGBT, it is derived as (2.1) [21]

MGBT = Ab - o1 - TTA - IR+ TS - 70Q * TR 2.1

with A, the base failure rate of the component, mr the temperature factor, 75 the application factor,
7r the power rating factor, 75 the voltage stress factor, 7g the environment factor and lastly 7g as the
quality factor. These values are not calculated, but selected via look-up tables in the MIL-HDBK-217.
Although this method is often used for simplicity, the main drawback is that the component is assumed
to operate continuously with the same constant stress values. It does not consider the thermal cycling of
the component due to the mission profile. Next to that, it has not been updated since 1995, and with the
rapid advancements in electrical technology, it gives an underestimation of the component lifetime [22].

IEC 61709

Due to the inaccuracy of the MIL-HDBK-217, updated versions with adjusted handbook data and method-
ologies are devised by companies such as the Telcordia SR-332 (by Telcordia) and SN 29500 (by
Siemens). Although these methods give a more representative failure rate estimation of a component
compared to the MIL [23] [24], the problem of not taking the mission profile and thus the thermal cycling
into account persists, which makes the method unsuitable to be used in operations with high fluctuations
in power or thermal conditions. Thus, the International Electrotechnical Commission (IEC) released IEC
TR-62380 in 2006, which considers failure mechanisms for failure rate prediction throughout an annual
mission profile [25]. Later, in 2017, the provided data and the method in IEC TR-62380 were updated
and replaced by the IEC 61709, which uses reference conditions and operating conditions derived from
a mission profile to estimate a component’s failure rate better. The main principle is still the same as the
MIL. A reference failure from the component manufacturer or field data from the IEC datasheets "[EC
60300-3-3" and "IEC 60300-3-5" is used as the base failure rate and multiplied by factors that will affect
the reliability of the component. The main formula is described as [26]:

A61709-2017 = Aref - Ty - o1 - W - TR - T3 - TES (2.2)



With voltage dependence factor 7y:
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and temperature dependence factor 7r:
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The C, values are constants depending on the component obtained from data sheets. 7g is the environ-
mental application factor, 7g is the switching rate dependence factor and lastly 7z is the electrical stress
dependence factor. In the case of a bipolar power semiconductor, such as the IGBT, only the temperature
dependence factor is deemed important enough to be considered according to the method [26].

MGBT = Aref - ot (2.6)

When the calculations are repeated for different levels of stress in the mission profile, the weighted
average can be taken of the different failure rates with

iy = exp {C3 .

current dependence factor 7:

1
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N
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i=1
with
Aa=p- X (2.8)

where ¢ is time, A is the failure rate, subscript f, p, d representing full-stress, partial stress, and dormant
state, respectively, N is the number of partial stress states, and p a factor to determine failure rate when
in a dormant state; which is stated as a factor of 0.1.

FIDES

The last option is called FIDES(2022). Compared to the IEC 61709, this method encapsulates more
factors contributing to the random hardware failures and looks to model each individually rather than
grouping them into one environmental factor [27]. Also, the difference in reliability between the solder
joints and the case of an IGBT is modelled differently, thus trying to take the physics of failure into
account. This is all done using data obtained from a more detailed mission profile. Next to the physical
data, the effect on the component’s reliability is considered based on the quality assurance (maintenance)
factors Ilpy and the system developer’s processes factors Iyrocess- Together they form the general for-
mula in (2.9) [27]

A= x'physical Ipym - Hprocess (29)

For a power IGBT, an extra [Ipw term representing an extra weight term to the manufacturing process is
inserted with a default value of 10:

A= 2fphysical IIpm - Tpw - Hprocess (2- 10)

with
)LOTH : HThermal“‘
Phases T )L{)TCCase : I_ITCyCase‘i‘
phase
z'physical = Z Ti : AOTCSolderJoints : HTCySolderJoints+ : I]Induced (2 1 1)
i=1 Toual Aorn - TRy +
AOMech “ IMech
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Each individual multiplier of the base A values can be calculated by the calculations given in the FIDES
guide.

However, research supported by NASA in 2023 [28] argues that the FIDES method is not physics of
failure-based due to the lack of coverage of the geometry of the component as well as the failure modes,
mechanisms, sites, and the eventual wear-out failures. Next, it argues that the values of the manufacturing
factors and the process factors are too subjective while having a major impact on the result, which led
to their dismissal of FIDES as a reliable failure estimation tool. On the other hand, it was already stated
in the FIDES manual that it is assumed that the component remains in its useful lifetime, thus creating
a constant failure rate. FIDES and other constant failure estimation tools should thus not be the sole
measure of component reliability, but wear-out failures should be modelled separately.

Comparison

Summarised in the following table is the comparison between the most common constant failure models
with their relation to mission profile, physics of failure, complexity and general target audience:

Table 2.1: Comparison of prediction methods for constant failure rate

Prediction Takes mission | Takes physics | Complexity Use-case Requirement
method profile into ac- | of failure into
count account
MIL-HDBK- No No Low Rough but sim- | Stable  environ-
217 ple lifetime es- | mental and power
timation conditions
Telcordia SR- | No No Low Telecom Stable  environ-
332 mental and power
conditions
SN 29500 No No Low Industrial ap- | Stable  environ-
plications mental and power
conditions
IEC 61709 Yes No Mid Components Mission profile of
with  varying | component
operations
FIDES Yes Yes! High Extensive fail- | Mission profile of
ure rate estima- | component, man-
tion ufacturing data
IDismissed by NASA [28]
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2.3.3 Wear-out failures

Wear-out failures are a type of failure whose likelihood increases as a device undergoes repeated cycles
of operation. To understand why this happens, a cross-section of a generic power device is shown in
Figure 2.4.

bond wires
semiconductor
chip solder \
DCB substrate

Baseplate

system solder

thermal interface -

Heatsink

Figure 2.4: Cross-section of generic power device

A power device is made up of multiple layers: First are the semiconductors connected by bondwires,
attached on top of a Direct Copper Bonded (DCB) substrate by solder. This substrate is, in turn, soldered
to the module baseplate, also called "case", for mechanical stability and efficient heat transfer to the final
layer, which is the heatsink attached with a thermal interface in between, which is mostly thermal grease.
When the semiconductors go through their power cycles, varying losses are incurred. These losses will
result in temperature swings over the entire device. As the device heats and cools, the different layers
and materials will expand and contract at varying rates, leading to mechanical stresses [9]. These can
eventually cause wear-out failures such as cracks in the solder joints and bond wires or the bond wires
lifting off the chip, as summarised in Table A.1.

Mission profile analysis is commonly used to model this failure, as described in [3]. It consists of three
parts from which an eventual wear-out failure plot is created: Electrothermal stress mapping, power
semiconductor reliability modelling, and converter reliability calculation. The required models to obtain
the results of each of these parts are described in the following subsections.

Thermal model topologies

For electrothermal stress mapping, the thermal behaviour of power semiconductor devices can be pre-
dicted using thermal electrical analogies. By representing the thermal performance as an RC network,
the thermal impedance can be expressed as a combination of resistance and capacitance [29]. These re-
spectively represent the power loss converted into heat in Kelvin per Watt (K/W) and the thermal inertia
of the power device in Joule per Kelvin (J/K), which result in the Cauer and Foster models as shown in
Figure 2.5.
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Figure 2.5: Topologies of the Cauer and Foster thermal models. The Cauer thermal model represents
the temperatures in the structure of the device, whereas the Foster thermal model represents the thermal
transients.

Both thermal models look similar, but are used for different purposes. The Cauer thermal model has all
the thermal resistances in series, like the Foster model. However, the thermal capacitances are connected
directly to the thermal ground. This leads to the model being able to represent physical parts within the
structure of the power device by assigning each RC pair to a layer in a power device as described in
Figure 2.4. These layers are located between:

* semiconductor junction and the case, noted with subscript j,c
* case and (heat)sink, noted with subscript ¢, s
* (heat)sink and ambient(or coolant), noted with subscript s,a

If the complementary thermal resistances and capacitances between each internal layer of the device are
known, the temperature of its internal parts can be calculated [29], which are the junction temperature
(T;), the case temperature (7¢) and the sink temperature (75). To calculate the junction temperature, the
power loss is multiplied by the aforementioned thermal impedances and added to the ambient or coolant
temperature, resulting in (2.12)

7} = Ploss (Zth(i,c) + Zth(c,s) + Zth(s,a)) +Ta (2.12)

The Foster model has all thermal capacitances in series with each other, just like the series connection of
the thermal resistance. This leads to the thermal components losing their physical meaning. Instead, they
now represent the thermal transients of the whole device, or a part thereof. This means that the amount
of power loss converted into heat has become a function of time. In datasheets, the time constant 7; is
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given per RC pair. The thermal impedance is then calculated as a multiplication of the given RC pair
values as described by (2.13) [30].

Zing, (1) = ZRi {1 —exp <_Tt> } (2.13)

1 1

To obtain the temperature rise over the entire Foster model, the power loss is convoluted by the derivative
of the total impedance as described in (2.14) [29] and [30]

d
T(t) = Ty(t) + (Ploss(t) * - Za, a)(t)) (2.14)

Lifetime estimation

To obtain semiconductor reliability, the mission profile is first segmented into separate classes, from
which the number of cycles per class is counted using a counting algorithm. Then, using a lifetime
model, the number of cycles to failure per class is estimated. Different models exist to obtain this value;
one of the most well-known ones is called LESIT [31] [7], described in (2.15)

2}
Nfigs = AA]}ae <kBijean> (2.15)

The LESIT is a simple lifetime estimation, which only considers the peak-to-peak and average junction
temperature in Kelvin. The activation energy E,, Boltzmann’s constant ki, and constant A are summarised
in Table A.2. However, this simplicity leads to inaccurate estimations due to it not taking the heating
time into account, which causes different types of failure modes. Low-magnitude thermal cycles at lower
time scales tend to lead to bond wire fatigue, whereas high-magnitude temperature variation over longer
periods of time stresses the solder joint of the base plate, leading to solder cracking [32]. Moreover, the
period during which LESIT was developed used older chip packages from the 1990s, which have become
outdated.

To update the lifetime estimation to more modern semiconductors, a second lifetime model called CIPS
08 was developed and published in 2008 by Bayerer [8], described by the following formula in (2.16)

Dﬁgnde(%> (2.16)

on~bond " class

Nyews = AATP iBarl V5

CIPS considers more variables, such as heating time #,,, bond wire current lyong, voltage class Vipuss
(blocking voltage/100 [33]), and bond wire diameter Dyong, With each its own constant beta values that
skew their impact on the lifetime, which can be found in Table A.3. However, there is an inaccuracy in
the lifetime estimation when the heating time is shorter than 0.1 or longer than 60 seconds. For short on-
times (in ms), the CIPS method overestimates the cycles to failure because it does not take into account
that the thermal inertia of the physical layers inside a semiconductor is similar to each other for on-times
lower than 0.1 s [32]. This means that solder layers do not see significant enough temperature swings for
different on-times in the milliseconds range to have significantly different cycles to failure. For longer
on-times above 60 seconds, it is expected that all layers inside the component have reached steady-state
temperature and thus should retain the same cycles to failure as the point in time at which they reached
it [32]. The CIPS does not take this variable into account due to the tfn term, which drastically reduces
in significance with a bigger f,, value and therefore underestimates the cycles to failure for long on-
times. Thus, following [32], CIPS with correction is best suited for use cases involving longer periods
of current conduction through the device, such as charging applications. Based on the heating time,
the correct number of cycles until failure is calculated by applying a varying correction factor to the
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calculated number of cycles if the on-time was 1.5s as described in (2.17):

iy |25 fon < 0.1
fA\"on fon \ —0.3
R A5 S fon = 2.17
Nf(lS) (1‘5) 0 ls_ton _60S ( )
0.33 Ton Z 60s

The LESIT and CIPS were both empirically derived from power cycling tests on semiconductors with an
aluminium-oxide (Al,O3) substrate and a copper baseplate. However, as the voltage and current require-
ments of the semiconductors increased, they had to endure higher temperatures, which can cause the
relatively soft copper to bend. A higher temperature swing also led to higher mismatch in expansion and
contraction between the device layers, consequently leading to higher mechanical stresses and reducing
their lifetimes [34]. Therefore, new materials had to be found to prevent the bending of the baseplate and
with a better matching coefficient of thermal expansion (CTE) between the substrate and the baseplate.
The selected materials were aluminium nitride (A/N) for the substrate and aluminium silicon carbide
(ALSiC) for the baseplate, due to their matching CTE and the stiffness of (AlSiC) preventing bending,
while maintaining a similar thermal performance as the copper baseplate [34]. The increase in the mea-
sured lifetime of modern high voltage IGBTs utilising the AIN substrate and A/SiC baseplate compared
to the estimations given by CIPS is shown to be consistently higher [35]. To give a lifetime estimation of
more modern semiconductor technology, albeit not specifically mentioning the AlSiC baseplate, [4] has
empirically derived a lifetime estimation by sampling large quantities of lifetime data from packaging
technologies from 2010 to the present. This lifetime estimation also takes two specific improvements
to the packaging of semiconductors into account: attaching the IGBT die by silver sintering instead of
standard soldering using tin and changing standard aluminium bondwires for copper or copper alloy
bondwires to increase their strength [36]. Using these sampled data, three different lifetime estimations
were deduced in [4].

» Standard packaging technology since 2010 without the aforementioned improvements.

* "Model 1" lifetime estimation representing modern packaging technology with either one of the
aforementioned improvements.

* "Model 2" lifetime estimation representing modern packaging technology with both of the afore-
mentioned improvements. In this specific model, the dependency on the ¢,,, and the Arrhenius term
(722) .

e 'mx" are omitted.

All of them are described by (2.18), but are fitted with different constant parameters in Table A.4

.
Ne = ANTP 1B o Ty BidTi ) 2.18)

with Tjnax the maximum junction temperature in Kelvin, and ar the ratio of loop height to the distance
between the stitches of the bond wire from DBC to the chip.

After having obtained a cycle to failure using one of the aforementioned lifetime estimation models,
following Miner’s rule, which states that the damage from each class can be summed together, the ac-
cumulated damage can then be obtained on the component. By doing a Monte-Carlo analysis with the
damage values, a failure density function Q is derived. From it, the reliability function can be obtained
usingR=1-0Q

Device Reliability

Assuming every component in the device is critical, the device reliability can be easily obtained by
multiplying all the component reliability curves. If there is redundancy of components, a reliability
block diagram can be used to derive the device’s reliability.
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2.4 Disturbances

High-frequency Common-Mode (CM) and Differential-Mode (DM) noise is another aspect to consider
in power electronic systems. DM noise is defined as the noise that is conducted line-to-line in opposite
directions, which is dominated by current ripple. CM noise is defined as the noise that is conducted on
the positive and negative lines in the same direction to the ground or, in the case of a ship, to the hull
via parasitic capacitances. When noise current flows through the SSCB, either as a consequence of CM
or DM, the additional rms current of the noise can cause additional temperature increases and thermal
fluctuations, depending on the amplitude of the current ripple, which could potentially increase wear-out
failures. Since CM noise flows through parasitic capacitances, the additional effect of CM noise is that
at a high frequency and with high dV/dt, unwanted currents are excited that can also potentially flow into
more sensitive control systems in the environment [37], which can cause sensing errors and nuisance
trips.

To observe at which frequencies the CM noise is mostly concentrated, the CM V,,,,; measurement on the
700V DC-bus of a ship provided by Damen Shipyards B.V. is used [2]. The red line is the CM noise
rms voltage on a system without a filter capacitor, while the green line is the CM noise rms voltage on a
system with a filter capacitor. Neglecting the DC component, it is seen that most of the noise voltage is
concentrated around multiples of 4000 Hz and peaks at 100 V,,,,; at 4000 Hz in the case of unfiltered CM
noise.
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Figure 2.6: Common-mode V,,,,; measurement on DC-bus of ship [2]

Figure 2.7 [2] represents the measurement of DM noise rms voltage on a ship on the DC-bus. When
neglecting the DC component, most of the voltage is concentrated again around the kHz range.
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Figure 2.7: Differential mode V,,,,; measurement on DC-bus of ship [2]
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Chapter 3

SSCB Model

In this chapter, the considerations revolving around the design of the use-case dependent parts (current
interrupter, voltage clamping circuit, and cooling) of the SSCB are discussed, while designing it for the
given specific use case.

In the first section, the use case and the function of the SSCB are explained. Next, the design choices
of the current interrupter and the voltage clamping circuit are described. Then, the power losses can be
calculated from the selected components, after which a heatsink is selected that keeps the components
below their maximum operational temperature.

3.1 Use case

This research uses the SSCB as a DC bus breaker in the simplified radial ship power system (SPS)
illustrated in Figure 3.1 with system parameters described as in Table 3.1, which are typical values on
real ships obtained from measurements conducted by Damen Shipyards B.V. [2]. The components in
the blue box are part of the battery system charged by the shore charger in the purple box. The green
box contains the grid converter as a connection to the AC bus, which provides power for the essential
equipment onboard, such as lighting and ventilation systems. Finally, the red box encapsulates the
propulsion motor and motor drive.
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Figure 3.1: Single line diagram - Radial SPS system
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Table 3.1: Ship power system parameters [2].

Description Value Description Value
DC-bus voltage 1 kV Battery capacity | 300 kWh
eq. DC-bus inductance | 0.22 uH | Charging power | 2 MW
eq. DC-bus resistance | 3.62 m€Q | Motor power 150 kW
Current rating Fuses 10kA

On ships without a DC bus tie in this radial SPS configuration, both DC buses are isolated to prevent
fault current from propagating throughout the entire SPS if one side fails. This means the batteries on
each side are charged with their respective charging connections, and extra cabling must be used on shore
to accommodate that. Furthermore, another drawback is that power cannot be shared between the two
DC bus sides, meaning that if one side needs more or less power, the other cannot compensate for it. To
connect both sides while maintaining the safety of an isolated system, a solid-state circuit breaker can
be used, which is reusable, unlike a fuse, and much faster than a standard mechanical circuit breaker,
preventing arcing.

To build a base reliability model, it is assumed that no faults happen during the lifetime of the SPS and
that there is no power sharing between both sides while the ship is sailing. The mission profile of the
SSCB will thus only increase in power during the moments that the ship is charging. Next, it is assumed
that the current flowing through it is an ideal DC current without any disturbances and that only half of
the shore charging current flows through the SSCB to the other side. This mission profile will be based
on the charging profile of actual electric vessels used as ferries with the following specifications:

* Charger voltage: 1 kV

* Charging current: 2 kA

* Current through SSCB during charging: 1kA
* Charging cycles a day: 16

* Time charging: 10 min

* Time sailing: 50 min

This results in the following daily mission profile, seen in Figure 3.2
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Figure 3.2: Basic daily current mission profile of SSCB with a 30s sampling time - 1kA during
charging, O A during sailing

The SSCB is usually placed on a switchboard in a controlled environment. Following the standard
classification of steel ships in [38], the following constant factors are obtained:

* Ambient temperature: 25°C

* Water coolant temperature: 40°C

* Humidity: 50%

* Vibration - displacement amplitude at 2.0 to 13.2 Hz: 1.0 mm
* Vibration - acceleration amplitude at 13.2 to 100 Hz: 0.7 m/s*

In the case of low-frequency vibration, the maximum displacement is the main contributor to damage.
With higher frequency vibrations, the acceleration is of importance.

3.2 SSCB design

Different SSCB topologies were discussed in subsection 2.2.3. The anti-paralle]l RB-IGCT was deemed
the most suitable for this DC bus tie application due to its high on-state efficiency and voltage-blocking
capabilities. However, since the RB-IGCT is a relatively new component, only a few variants are on
the market, making it harder to find suitable ones to model. Thus, it was decided to model either the
rectifier-assisted IGBT topology or the anti-series IGBT topology. Considering the conduction losses,
the anti-series topology would fit the use case better. However, the rectifier-assisted topology reflects
commercially available SSCBs, which have been on the market for some years, leading to more refer-
ence data available to build a reliable model.

This topology uses one IGBT and four diodes in a full-bridge configuration. For simplicity during
referencing in this thesis, the diodes that conduct from port side to starboard side are referred to as
forward facing diodes. The diodes that conduct from starboard side to port side are referred to as
backward facing diodes. These are respectively denoted as Dgy, and Dy, in the SSCB simulation model
in Figure 3.3.
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3.2.1 Power semiconductor sizing

The selection of suitable power semiconductor components depends on many factors. First, the rated
operational voltages and currents should be designed for the nominal power of the application, which is
1 kV and 1 kA. Following [39], the rated voltage for half-bridge devices should be at least a factor ﬁ
higher than the operational voltage to have it switch safely, meaning that the components should already
be rated for at least 1.54 kV. For the rated current, there is no specific guideline; thus, in this research, a
10% margin in the current rating has been assumed, leading to a minimum current rating of 1.1 kKA.

Next, even though it is assumed that the SSCB never has to trip in the base reliability model, the transients
through the SSCB during emergency turn-off of the switch should still be studied to select the appropriate
peak voltage and current rating of the semiconductors. To do so, a simulation model has been made in
PLECS, show in Figure 3.3.
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Figure 3.3: PLECS SSCB simulation model

The model consists of 4 main factors important for the correct sizing of the SSCB components:

* The opening time of the IGBT, in addition to the processing delay of the current sensing system
in the current interruption circuit(red).

* The arbitrary external inductance Ley to limit the di/dt during SPS faults (green).

* The maximum clamping voltage of the over-voltage protection circuit using a resistor-capacitor
(RC), resistor-capacitor-diode (RCD) or a metal oxide varistor (MOV) configuration(blue).

* The inherent power system resistance and inductance from the port side and the starboard side of
the DC busses of the given system are described in Figure 3.1(yellow).

Peak current sizing

The peak current through the IGBT is dependent on the first two of the aforementioned factors, which are
the total opening time of the SSCB and the external inductance. In case the system inductance is large
enough that the IGBT has enough time to fully open before reaching the maximum rated peak current,
no external inductance is needed. It was observed from several datasheets that IGBTs mostly have peak
currents which are twice the rated nominal current, which in this case would be around 2 kA. In this
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particular use case as a 1 kV DC bus tie, it was seen that with just the system inductance of 0.44 pH
and a total opening time of 8yLs (4s fault sensing delay + 4(Ls opening time) [2], a peak current of 15
kA was observed through the IGBT (Figure 3.4), which is significantly higher than the maximum peak
current rating of a switch.
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Figure 3.4: Showcase of importance in inductance to limit the peak current through the IGBT and, in
turn, reduce the voltage over the IGBT in an SSCB without any energy absorption circuit. A fault is
simulated at the 0-second mark.

Consequently, an external inductance of 10 pH was chosen to limit the current through the IGBT to a
maximum of 1.74 kA, well below the theoretical limit of 2kA, taking into account potential extra delays
in the total opening time of the switch.

Although the IGBT is then protected from high surge currents, a result of the external inductance is that
the peak voltage over the IGBT increases drastically due to V = L%. From Figure 3.4a, it can be seen
that the increase in inductance has a larger effect on the voltage over the IGBT than the reduction of the
di :

£ due to it.

dt

Peak voltage sizing

To protect the IGBT from overvoltage during the turn-off period, voltage clamping circuitry has to be
used as described in subsection 2.2.4. For this system, the impact of the two most common voltage
clamping circuits, the RC(D) and MOV, is investigated. The measurements for this investigation are
obtained from the "SSCB Values" probe in Figure 3.3, meaning that the voltage values over the snubber
and IGBT are identical over time due to their parallel placement, whereas the current that went through
the IGBT is always cut off at 8 Ls and redirected to the voltage clamping circuit, which results in a current
plot like Figure 3.5:
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Figure 3.5: Current through IGBT and voltage clamping circuit parts of the SSCB. Future plots will
only show the SSCB voltage/curent outputs.

To compare the voltage clamping circuits and to see the effects of the individual components on each
circuit, simulations have been run:

* In case of the RC circuit, the peak clamping voltage and clamping time are dependent on the
values of the capacitor and resistor as seen in Figure B.1 and Figure B.2. From the plots, it is
concluded that the peak voltage depends heavily on the snubber resistor, which was expected
due to the redirected current through the R,,;,. The size of the snubber resistor also affects the
rate at which the energy dissipates from the capacitor. Another thing to note is that the smaller
the resistor, the higher the possibility of voltage or current resonance between the capacitor and
system inductance. Selection of the resistor thus depends mainly on a trade-off between maximum
allowable overvoltage and (stable) energy dissipation speed. The capacitor has no effect on the
peak voltage. Instead, it only has an impact on the energy dissipation speed.

* The RCD snubber has the solution to the increase in voltage during IGBT turn-off, which is to
place a diode in parallel with the snubber resistor, creating a low resistance path to the capacitor.
The effect of the RCD snubber on the SSCB can be seen in subsection B.1.2. Compared to the
RC snubber, the resistor does not impact the peak voltage anymore and only affects the energy
dissipation speed. However, it is seen in Figure 3.6 that for the small snubber resistance of 1 Q,
the clamping voltage is still a bit higher than the RC snubber counterpart. Unlike the resistor,
the capacitor does impact the peak voltage in the RCD snubber, but not as much as the resistor
would in an RC snubber. As the capacitance increases, however, the maximum current through the
snubber, and thus the SSCB, does increase substantially. A major drawback of this snubber is that
it is unidirectional, which means that it is unsuitable for use in this bus tie configuration.

* The MOV is just a single component with a clamping voltage of around two times the nominal
rated voltage [1], depending on the current flowing through it during IGBT turn-off. Unlike the
RC(D) snubber, which peaks at a certain voltage and drops gradually thereafter, the MOV will
hold the voltage at a relatively steady level before immediately dropping to 1 kV when the energy
is dissipated. A comparison in SSCB voltage and current behaviour between a 1.15 kV rated MOV
and a typical RC and RCD snubber is given in Figure 3.6. From it, it can be seen that the MOV
will cut the current off much faster than the RC snubbers, albeit at a higher peak voltage. Another
benefit of the MOV is that there is no chance of oscillations due to the lack of a capacitor. This
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greatly simplifies the selection of suitable MOVs, unlike the RC snubbers, where multiple trade-
offs have to be considered. Lastly, this component is bidirectional, which makes it the optimal
voltage clamping circuit in this use case.
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Figure 3.6: Comparison between MOV, RC and RCD voltage clamping circuit effects on the behaviour
of the SSCB during fault interruption.

List of used components

Considering the system values and the selection of MOV as the voltage clamping circuit, the following
components in Table 3.2 have been chosen for the reliability research. The rated voltages and currents
were selected based on the availability of commercially available components.

Table 3.2: Selected components for SSCB

Power Name rated DC rated DC clamping peak surge | Max.
component voltage(V) | current(A) | voltage current(A) | junction
MOV at tempera-
200 A (V) ture (°C)
IGBT CMI1200HC- | 3300 1200 N/A 2400 150
66X
Diode RM1200DC-| 3300 1200 N/A 10600 150
66X
MOV V881BA60 | 1150 N/A 2340 70000 85!

3.3 Power loss model

Following the selection of components, the power loss has to be calculated for each of them in order
to obtain a thermal profile. Since the SSCB is not expected to switch often due to its functionality as
an emergency circuit breaker, only the conduction losses have to be taken into account. To obtain the
conduction loss for the bipolar semiconductor components in the current interruption part of the SSCB,

Maximum storage temperature
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the following formula is used from [22] for the IGBT and diode, respectively

PeonaT(Tj) = 7 L Ver (T)) I dt
_VT( 1)| aveT|+RCE(T )IRMS,T‘

Peonap(T)) = L [0 Vo (T))Ipdt
:VD( )|IaveD|+RD(T)IRMSD

3.1

For the IGBT, the variables are: Vcg the collector-emitter (forward) voltage, Tj the junction temperatures,
It the IGBT current, Rcg the on-resistance. For the diode, the variables are: Vp the forward voltage, Ip
the diode current, Rp the on-resistance. In case of frequent switching, such as the case in the reference
paper [22] with multi-level converters or when noise is introduced into the power flow, (3.1) takes the
average power loss during the switching period of the IGBT as the conduction losses. This can be ex-
pressed as an addition of a term taking into account the threshold voltage Vr of bipolar devices and the
average current /e T, and another term considering the on-resistance of the semiconductor Rp and the
RMS current squared.

In the case of obtaining the simplest base reliability model, it is assumed that the SSCB will never have
to trip and that the current flowing through it is an ideal DC. Then the conduction loss calculation can be
simplified to (3.2)

{Pcond (T ) Vee(T; )IT 3.2)

Pcond,D(Tj) - VD(YDID

where the conduction loss is just the forward voltage Vg multiplied by the current going through the
component.

3.3.1 Data extraction

To get the necessary data for power loss calculation, the V-I curves as seen in Figure B.5 from the
component datasheets are digitised for the different junction temperatures specified. Then, the resolution
of the digitised plot can be improved by linearly interpolating the datapoints on each curve to a set number
of 1000 datapoints. This also ensures that all the digitised curves will have the same length, which is
important for interpolating between the different junction temperature V-I curves. In this case, ((Tax —

Thin) - 10 = 1250) curves have been interpolated for the minimum and maximum junction temperature
data given in the datasheet. Doing so and calculating the power losses over each individually interpolated
curve results in a look-up table that obtains the power losses per given current at a moment. Example of
a power loss curve with three junction temperatures of the IGBT and diode would look like Figure 3.7
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Figure 3.7: Power loss curves of IGBT and diode as a function of current and the junction temperature

From the plot, it is noted that the higher the junction temperature inside a power device, the higher the
power losses become due to an increase in internal resistance, with a maximum difference of 27.9% for
the IGBT and 11.9% for the diode at 1 kA between 25°C and 150 °C. In the case of the base mission
profile during a charge current of 1 kA and a junction temperature equal to a coolant temperature of 40°C
the losses amount to 1931 W and 2088 W for the IGBT and diode, respectively.

3.4 Cooling

Using the obtained power loss model, the changes in temperature of the power device can be modelled.
In this section, decisions that had to be made considering the cooling of the SSCB are presented.

3.4.1 Thermal RC network

According to [29], a power semiconductor subjected to a power pulse longer than ~1 second is con-
sidered to have reached steady state and thus thermal equilibrium. Since the power-on durations in the
base mission profile are on the order of minutes, it is reasonable to assume that the thermal inertia of the
power device does not affect the amplitude of the thermal swings in said mission profile. Furthermore,
the junction temperature is needed for the lifetime calculation models as described in subsubsection 2.3.3.
Therefore, in case only the impact of the mission profile on device lifetime is being investigated, such
as the case with the base mission profile, modelling the Cauer thermal model discussed in subsubsec-
tion 2.3.3 with just the thermal resistances is sufficient. If there is only one device per heatsink, this
results in the junction temperature as described in (3.3)

7} = Ploss (Rth(j,c) + Rth(c,s) +Rth(s,a)) + T, (33)

To reduce cost and total size of the cooling system, multiple power devices could be attached to a single
heatsink. However, in the case of the rectifier-assisted bidirectional SSCB, the diodes which are forward-
bias at a certain moment need to be thermally isolated from the ones which are reverse-bias to prevent
thermal coupling and thus a reduction of the lifetime of the diodes which are not loaded. This means that
only the "forward" facing diodes or the "reverse" facing diodes can be put together on the same heatsink.
The junction temperature per power device is then calculated using Equation 3.4 with subscript x the
individual devices, n the total devices on the heatsink and ATy, the difference in temperature between the
sink and coolant
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ATsa = (anl Ploss,x) : Rth(s,a)
7;ink = ATsa + Ta (34)

Tj,x - Ploss,x (Rth(c,s) + Rth(j,c)) + Tsink

3.4.2 Thermal components

The required thermal resistances are found in the datasheets [40] [41] of the chosen components. The
RM1200DC-66X diode module consists of two separate diodes in parallel connected to the same base-
plate, meaning an option is given to just utilise one diode and thus half a module, which is what is needed
for the base reliability modelling. From the datasheet, it is then found that the thermal junction-to-case
resistance Rynjc) 18 16.5 K/W and the thermal case-to-sink resistance Ry s) for a half module is 15.0
K/W.

Thermal components IGBT

The chosen CM1200HC-66X IGBT module from the same manufacturer also has two components in
parallel, although not entirely isolated from each other, since the emitter and gate are pre-connected to
each other. Still, it should be possible to use them individually if the collector of one of them were not
to be connected. Moreover, it has exactly the same baseplate dimensions (140 x 130 mm) as the diode
module. Therefore, it was expected that although the Ry, might differ due to the usage of different
semiconductors, the Ry would remain the same as the diode module. However, the IGBT module
datasheet specified a Rincs) of 7.5 K/W, which led to a significant difference in calculated junction tem-
peratures and eventual lifetime calculations in the initial testing phase, even though both modules have
similar power losses and are loaded with the same number of power cycles in a year.

To explain this mismatch in Ry for both modules, a datasheet with a similar IGBT module from
Infineon [42] is used. Herein, it is specified that the collectors should be connected externally. Hence,
the entire area of the baseplate is used to dissipate the heat, lowering the thermal resistance between the
case and sink. Therefore, it is possible that the halving of the thermal case to sink resistance in the IGBT
module compared to the diode module is due to Mitsubishi assuming that the entire module will always
be used instead of half of it. However, since only one side of the module is used for this thermal model,
the Rin(cs) Will be set to match the thermal resistance of 15.0 K/W from (half) the diode module.

Heatsink

The heatsink design plays a vital role in managing the temperature of the chosen power devices. De-
pending on the power losses and the thermal resistances of the device, a suitable heatsink is fitted.

There are two types of cooling that can be used: forced air cooling and liquid cooling. For the case area
(140 x 130 mm) of the selected power devices, the commercially available forced air cooling solutions
can only provide a thermal resistance as low as 0.05 K/W with a maximum airflow of 120m?> /hr [43].
Calculating the junction temperature with (3.3) of the individual IGBT and diodes with the obtained
heatsink thermal resistance at 1kA, would give a result of 185.9 °C and 210.2°C respectively. Severely
exceeding the maximum allowable temperature of the components. Therefore, liquid cooling needs to
be used due to its lower thermal resistance. From [44], it is found that modern liquid-cooled heatsinks,
also called cold plates, can reach a low thermal resistance of up to 0.005 K/W depending on the coolant
flow rate. From commercially available cold plates, the ATS-CP-1002 [45] fits the selected power device
size. Furthermore, it has a thermal resistance range from around 0.014 to 0.0064 K/W, depending on the
coolant flow rate from 0.74 to 7.4 L per minute, which provides a suitable range of thermal resistances
to keep the junction temperatures below the maximum temperature of the semiconductors. By using one
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heatsink per device and a thermal resistance of 0.0075 K/W (coolant flow rate 4L/min), the initial esti-
mation of the junction temperatures for the IGBT and diodes are 103.7°C and 121.4°C respectively, well
below the maximum of 150 °C. However, there is an emphasis on "initial estimation" due to the power
loss being dependent on the junction temperature and vice versa, creating a feedback loop. Therefore,
iterative modelling should be used.

Iterative modelling

To get a more accurate junction temperature estimation, iterative modelling is used. The iterative mod-
elling method calculates the final junction temperature per instance in time in iterative steps. In the first
cycle, it calculates the junction temperature assuming the minimum junction temperature starts at the
coolant temperature of 40°C. From the power loss model, the power losses are obtained for the min-
imum junction temperature, which are then multiplied by the thermal resistances as described in (3.3)
leading to the aforementioned junction temperature of 103.7 °C for the IGBT and 121.4 °C for the diode
in subsection 3.4.2. This result is then fed back into the iterative calculation loop, recalculating the junc-
tion temperature with the new junction temperature. The iterative model will keep doing so until it finds
that the old and new junction temperatures do not differ more than 0.01 °C. This causes the final power
loss to be 2248 W for the IGBT and 2228 W for the diode, an increase of 16.4% and 6.7% respectively
compared to the initial calculation, well within the limits of the maximum power difference at 1 kA in
Figure 3.7. As a result, the final junction temperatures for a 1 kA operation increase to 114.2°C for the
IGBT and 126.9°C for the diode.

The final values after iterative modelling to be used in the mission profile are thus as such in Table 3.3

Table 3.3: (Thermal) Values after iterative modelling

Component | Rinje)(K/'W) | Rine,s)(K/'W) | Rins,a)(K/W) | Pogs at 1 KA (W) | Tj at 1 kKA (°C)
IGBT 0.0105 0.015 0.0075 2248.6 114.2
Diode 0.0165 0.015 0.0075 2228.1 126.9
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Chapter 4

Reliability Modeling

In this chapter, the lifetime of the designed SSCB in chapter 3 is calculated based solely on the wear-out
failure mechanisms due to thermomechanical fatigue. This is because during regular operation under
rated conditions, these failures are most observed in power devices [9]. Furthermore, it is of interest in
this thesis to observe the eventual effects of mission profile changes and the impact of electrical noise
on the total lifetime of the SSCB, meaning that the focus is on the gradual wear-out of the SSCB and
not the spontaneous overvoltage and overcurrents, which can happen anytime during the entire lifetime
of the SSCB. To do so, a similar method as described in Figure 4.1 from [3] is followed to calculate the
individual power semiconductor component lifetimes inside the SSCB.

SSCB Plossl TBI ..... n
S Power loss .
Mission ~—> > Thermal Model —~<— Cycle Counting
model
Profile
Nc,h 1,...n
AT},h 1,...n
Twinp-1,..m Nenoa Monte-Cal Lgist-1,.n Weibull
tonn-1,..n L—> Lifetime Model —AA~4—> oo —ar0 =l
Analysis — 7 fitting
Rl ..... n
@ Reliability R
Network SsCB

Figure 4.1: Steps taken for individual power semiconductor component reliably modelling

With the definitions described in Table 4.1:

following [3].

Table 4.1: Variable definitions of Figure 4.1

Variable Definition Variable Definition

Poss Power loss Laist Lifetime distribution

T; Junction temperature R Reliability function

Ne Profile cycles a Scale parameter

AT; Junction temperature swing | 3 Shape parameter

Tinin Minimum temperature Subscript n Per component definition
fon Power-on time Subscript 2 Per class definition

Nt Cycles to failure
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The colours of each block relate to the layout of this chapter. In the first section, the profiles obtained
from the power loss model and thermal models are presented. In the second section, the steps taken



to obtain the damage distribution of a component and its reliability curve are explained. Lastly, the
reliability curve for the entire SSCB is acquired.

4.1 Mission profiles

The first two steps seen in Figure 4.1 have already been covered in chapter 3 and are coloured in red.
To generate a daily power loss profile of the different components in the current interrupter part of the
SSCB, each data point in the current mission profile is put through the power loss model, resulting in a
power loss profile as seen in Figure 4.2 with the obtained power losses at 1kA in Table 3.3
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Figure 4.2: Daily power loss profile of each component in the current interrupter of the SSCB

It is clear that the power losses only occur in the IGBT and the forward (see section 3.2 for forward-
backwards explanation) facing diodes. This is due to the defined use case in chapter 3 only describing
current to flow from port to starboard side, meaning no current will go through the backwards-facing
diodes. This in turn leads to the following thermal profiles shown in Figure 4.3 with the junction tem-
peratures described in Table 3.3
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Figure 4.3: Daily junction temperature profile of each component in the current interrupter of the SSCB

4.2 Component reliability

Having obtained the thermal profile of the junction temperature of the individual components, the reli-
ability model can be designed. As described in Figure 4.1, this section describes the method to obtain
the number of different temperature cycles. After which, a lifetime estimation model is selected, and
the number of cycles to failure is calculated. Then, by using Monte Carlo analysis to insert modelling
uncertainties, a probability mass function (PMF) is acquired for the estimated lifetimes. Lastly, utilising
Weibull fitting, the scale parameter & and shape parameter 3 are estimated and used to fit a continuous
Weibull curve, which, once integrated and subtracted from 1, yields the reliability curve of a component.

4.2.1 Rainflow counting

The first step is to count the number of thermal cycles the component endures during the duration of
the mission profile, in this case, one single day. A thermal cycle is defined as the cycle wherein the
temperature goes up a certain amount and afterwards drops back to the same starting temperature. A
thermal profile can have large amounts of different cycles overlapping each other, which makes it difficult
to count each individual thermal cycle. Therefore, to count these cycles, the rainflow counting method
is used, which separates these different cycles into 4 classes and counts them individually. The working
principle of the rainflow counting method is described as the following four steps [46] [47]: Hysteresis
filtering, peak-valley filtering, discretisation, and counting using the rainflow counting algorithm.

Hysteresis filtering

As the first step, temperature fluctuations that are deemed to be too small to affect the lifetime calculations
of a profile are filtered out to save on processing time. The amplitude threshold for filtering is determined
based on the required sensitivity margin for each analysis. In case of the ideal thermal profile without
any minor thermal fluctuations as described in the previous section, this step is unnecessary and has been
omitted.

Peak-Valley filtering

In this step, only the points where the reversals in direction of the temperature change occur are saved.
In the case of a sine wave, these reversal points can be detected as the points where the derivative is zero.
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In the thermal profile described in Figure 4.3, the shape of a block wave leads to some complications due
to the presence of a longer period during which the temperature stays at a steady value. Thus, a point
has to be selected that indicates the correct reversal points. In this case, due to the CIPS lifetime model
requiring only the heating time, also called the "power-on-time" of the component [8], it was chosen to
count the first rising edge of the junction temperature as the first reversal point and the falling edge as the
second reversal point. By doing so, the power-on-time of each cycle can then be obtained by subtracting
the time of the low value from the time of the high value. This results in the reversal points as shown in
Figure 4.4. Please note that the line in between points is to clarify the position of the reversal points and
is not used in the lifetime calculations.
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Figure 4.4: First two cycles showing the IGBT junction temperature reversal points marked with
asterisks. Note that the line between points is for clarity purposes and is not used for calculations.

Discretisation

To create sets of data, the reversal points which have a similar range of junction temperature, are sorted
into bins. The higher the number of bins, the smaller the range of temperatures and thus the higher the
resolution of the dataset will be. However, that also results in a larger dataset and thus longer computa-
tional times. In this case, the bin sizes are in sizes of 1 °C.

Counting algorithm

Lastly, the actual cycle counting is done following a counting algorithm described as in [47] and [6].
The algorithm counts cycles by considering a moving reference point of the sequence called Z, and a
three-point subset which moves with Z and can either include Z or exclude it. The first and middle
points in the subset are defined together as Y, and the middle and last points in the subset are called X.
Furthermore, in both Y and X, the points are always sorted chronologically from earlier to later in time,
but are not necessarily always consecutive reversal points. Lastly, the range of Y and X are denoted as
r(Y) and r(X), respectively and is defined as the difference in amplitude between their own two points.
Following these characteristics, the counting algorithm works as follows:

1. Set reference point Z as the first reversal point.

2. Keep reading the next reversal points until at least three points are gathered. If no more data points
are left, count each remaining range as half a cycle.
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3. Check whether r(X) < r(Y)

(a) If yes, add another reversal list to the subset and use the latest three added values in the subset
to form a new Y and X and redo step 3.

(b) If not, proceed to step 4
4. Check whether Y includes Z

5. If yes, count Y as a half cycle. Then remove the first reversal point from Y and shift the reference
point Z to the second reversal point in Y and repeat the process from step 2.

6. If not, Y is counted as 1 full cycle and discarded, after which the algorithm starts at step 2 again.

Figure C.1 visualizes this process in a flowchart.

MATLAB provides a built-in function named "rainflow" which automatically executes the discretisation,
differentiation and counting when a thermal profile is provided. After dividing the thermal profile into
cycle classes, it outputs per class the number of cycles, the temperature swing bin, and the mean tem-
perature bin, and additionally, the begin and end times of each (half) cycle per cycle class. To use these
values for the lifetime models, some of them have to be further processed into the following:

* Amount of cycles per cycle class N, obtained from the output as it is.

* Junction temperature swing per cycle class AT;}, obtained from taking the centre value of each
bin.

¢ Minimum junction temperature per cycle class Tjminh, obtained by subtracting half the temperature
swing from the mean temperature.

* Power-on-time per cycle class #,, 1, obtained by subtracting the time of the reversal point at a
rising edge from the time of the reversal point at a falling edge, as mentioned in the "Peak-Valley
filtering" section.

When applied to the obtained reversal points of the IGBT and the diodes, the output is as described in
Table 4.2:

Table 4.2: Output of the rainflow counting, with a number h defining a cycle class.

Nc,h AY},h(OC) Emean,h(oc) 73min,h(oc) fon,h (S)
IGBT (h=1) 16 74 77 40 600
Forward Diode (h=1) | 16 87 83.5 40 600

4.2.2 Lifetime calculation

The next step would be to obtain the lifetime of the component by calculating the number of cycles
to failure and the subsequent damage that the components in the SSCB can endure before the lifetime
estimation predicts a failure, as a consequence of wear-out failure mechanisms, such as bond-wire lift-off
and solder cracking.

Miner’s rule

Before the lifetime calculation, it needs to be clarified what "damage" to the component means. Damage
is a variable representing the state of health of a component, where D = 1 reflects a broken component.
To calculate the damage done per time interval by one class of thermal cycles, obtained from the rainflow
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counting, the number of cycles in that time period is divided by the number of cycles to failure due to
that one specific class as described in (4.1) [3]:

Nc,h

Dy =
Nin

4.1)

Assuming that the Miner’s rule is applicable, the individual damages as a consequence of each individual
thermal cycle class obtained can be added up to obtain the accumulated damage (D,..) per time interval
[33] expressed as:

Dycc = Y Dy, (4.2)

In this case, since the mission profile entails the period of one day, D,.. would represent the accumulated
damage that the component endures in one day.

Lifetime model

To obtain the Ny, one of the empirically derived lifetime estimation models described in chapter 2 can
be used, which were the LESIT [7], CIPS with correction [8] [32] and the recent Zhou "model 2" [4] and
are described for each cycle as in (4.3). (4.4) and (4.6) respectively

_ Ea
Nf,h - AA]}?he<kB7:imean,h ) (4'3)
B
Nf’h - AA]}{;] tfé,hlfgndvcpi;ssDEgnde ( Tmin,h ) (44)
With a correction factor
Non ) 2.25 fonh < 0.1s
thlfonh) fonn | —0-3

Ne(1s) — ) (05) T OdsStonn < 60s 4.5)

0.33 fonh > 60s

By

Nf,h = A AT_],[li’ll tf;,he( 7jimaxA,h )ar(ﬁé&A]ih +ﬁ5) (46)

The "model 2" is taken into consideration from [4], due to the assumption that due to the novelty of the
selected components, that they have the silver sintering and bond wire improvements applied in their
packaging.

To validate the correct output of the generated lifetime models in MATLAB, the obtained results are
compared to their respective papers. As can be seen in Figure C.2, the outputs of the tested LESIT and
CIPS model are equal to the example outputs in their respective papers. To further validate the obtained
models, the aforementioned models are then verified together with the Zhou "model 2" and the CIPS with
correction model in Figure 4.5a. The obtained outputs for the LESIT, CIPS and "model 2" are as expected
from the output in [4]. The CIPS with correction is also shown in Figure 4.5a. However, due to the 7y,
being just two seconds, the correction factor does not change the output of the CIPS much, since it only
alters the values obtained outside the 0.1 and 60-second ¢,, range. By changing the on time to 60 seconds,
a bigger difference between the CIPS and CIPS with correction can be seen in Figure 4.5b. [8] [31].
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Figure 4.5: Validation of the cycles to failure of the selected lifetime estimations by comparison with [4]
using a constant Tiy,x and a changing Tinean and Tiyin due to a varying AT;. Common parameters used are:
Velass = 12V, Iyond = 10A, D = 400 pm and ar = 0.3

From Figure 4.5, the comparison shows that by setting a fixed Tin,x, the LESIT model will always predict
the lowest cycles to failure independent of the ATj, followed by both CIPS model versions and lastly the
"Model 2". With the on-time nearing 60 seconds, the regular CIPS model is seen to show differences in
cycle to failure estimation from the CIPS with correction model.

To relate the lifetime estimation models with the mission profile in the base case, the chip-related values
are filled in the models where applicable. For the CIPS (with correction), the Viyeq for both the IGBT
and diodes are obtained from their respective datasheets [40] and [41] as 3300 V. The voltage class V¢jass
is defined as Vj,teq/100 [33], which results in V,j,ss = 33 V. However, the rated bondwire current Iyong and
bondwire diameter Dpong are not specified in the datasheets. Therefore, values had to be assumed using
the tested values from the original CIPS paper [8], leading to a bondwire current of 15 A and a bondwire
diameter of 300 um. For the "model 2" of Zhou, the ar value is taken 0.19 < ar < 0.42 to represent
aluminium bonding wire failure [48], for this thesis, a value of ar = 0.31 is chosen following [49]. In
summary, the constant values which are not dependent on the mission profile are represented in Table 4.3

Table 4.3: Constant parameters in the presented lifetime estimation models for the selected semiconduc-
tor devices

Thond (A) Vilass (V) Dyona (‘LLm) ar
IGBT/Diodes 15 33 300 0.31

To give an overview of the cycle to failure estimations representative of the mission profile, the lifetime
estimations are plotted in Figure 4.6a. The values from Table 4.3 are used, and a fixed minimum junction
temperature of 40 °C is set, representing the coolant temperature. Then, the thermal swing is set to be a
maximum of 110°C to not exceed the maximum junction temperature of 150°C of the selected devices,
simulating the increase in power loss through the device. Due to the CIPS being sensitive to the long
on-time, it is observed that the CIPS will always predict the lowest number of cycles to failure compared
to the other models in this specific scenario with the minimum junction temperature a constant value.

To analyse the sensitivity of the different lifetime estimation models to different thermal swings in the

mission profile, the output in Figure 4.6a is normalised with the result at A7T; = 30K as the base value,
which resulted in Figure 4.6b. It is seen that the LESIT and "Model 2" are the most sensitive to changes
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in temperature swing, with both the CIPS variations having an estimated 10 times difference in lifetime
prediction compared to the other two. A reason for this difference is that the CIPS is dependent on the
Thin, Which is fixed in this comparison. The other models are dependent on the mean and maximum
temperature, which will gradually increase as the thermal swing increases and thus have a greater effect
on the degradation term in their respective equations.

Lifetime vs temperature swing - Constant T . Normalized Lifetime vs ATJ. - Constant T .
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Figure 4.6: Comparison of lifetime estimation differences using mission profile parameters with a vari-
able temperature swing and a fixed 7in;,. Common parameters used are: Vijass = 33V, Iond = 154,
D =300 pum, t,, = 600s and ar = 0.3.

With these results, the CIPS model is overall the more conservative option due to its consistently low
cycle to failure prediction at high on-times above 600 seconds in Figure 4.6a and lower sensitivity to
temperature swings when a constant minimum temperature is taken. These properties make it such that
the obtained results can reflect the worst-case lifetime a component can endure as a consequence of ther-
mal fatigue. Furthermore, it reflects the minimum sensitivity that the lifetime of a component will have
on different changes in the mission profile. To decide between the CIPS or CIPS with correction, the
CIPS with correction factor is able to reduce the unrealistic impact of long (>60 s) and very short (<0.1
s) power-on times [32]. With these additional properties, the CIPS with correction was used as a low
baseline for the absolute cycle to failure prediction and the sensitivity analysis.

It should be taken into account that the empirically derived lifetime estimation models were obtained by
stress test cycling components in a range of around 30 to 100 K. So, to estimate lifetimes of components
which experience thermal cycles outside of this range, a margin of error should be taken into account.
For the CIPS, the output of the lifetime prediction of the model for thermal swings lower than 30°C has
been stated to be lower than what a component is able to endure in practice [50]. Consequently, the
CIPS will give the worst-case scenario estimations when applied to low thermal swings. The CIPS with
correction, even more so, since low power-on-times are related to lower thermal swings when taking
thermal capacitance into account. Unlike the regular CIPS model, the CIPS with correction will keep
increasing in lifetime as the power-on-time goes lower, and will thus predict lower cycles to failure than
the regular CIPS in that scenario.

Having only one class of thermal cycle in the mission profile in Table 4.2, the cycles to failure, the

damage a day and the estimated lifetime until certain failure for the IGBT and diodes are presented in
Table 4.4
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Table 4.4: Results from the CIPS with correction per component

Ni(cycles) | Dace-day(—) | L(years)
IGBT 4.985-10% | 3.210-10~* 8.55
Forward diode | 2.439-10* | 6.559-10~% 4.18

4.2.3 Monte Carlo analysis

A limitation in the estimation of lifetime in Table 4.4 is that it is based on fixed beta values. However,
the beta values are empirically obtained in [8], meaning that there is always some variation between each
individual component. To get a more representative lifetime estimation, variation in the beta values has
to be applied to get a damage distribution. From [51] and [52], the variation should follow a normal
distribution with a 5% variation in the beta values, meaning that three standard deviations should be
equal to 0.05 as described with 30 = 0.05 and thus ¢ = %, leading to the beta values distribution in
Figure C.3. Next, the Monte Carlo method was used to simulate 10> lifetime estimations with the applied
variations, resulting in a lifetime distribution in the form of a probability mass function describing the

chance of how long the IGBT and diode can survive before a guaranteed failure, as shown in Figure 4.7
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Figure 4.7: Lifetime distribution of the IGBT and forward diode obtained from 100,000 Monte Carlo

simulations with normally distributed beta values o = %.

Since the backwards-facing diode is not loaded in the considered mission profile and not connected to a
mutual heatsink with the other components, there is no thermal swing. Therefore, it can be concluded that
the backwards-facing diode does not endure any stress and thus is irrelevant for the lifetime calculation
under the considered mission profile.

4.2.4 Reliability curve

With the obtained lifetime distribution, the next step would be to fit a Weibull probability density curve
over the discretely distributed data to obtain a continuous curve. The most general form of the classical
Weibull distribution is the three-parameter probability density function [53] in (4.7).

c—1 c
fx(x]a,b,c):z<x;a> exp{—(x;a) }, x>a. 4.7

With x a unit of time, a the location parameter, b the scale parameter, and ¢ the shape parameter. The
location parameter sets the beginning of the Weibull curve, but since components only start to fail after
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the age of x = 0, the a can be set to 0 [53]. To clarify the equation for lifetime estimation, x,b,c are
renamed into #, o, B respectively, resulting in (4.8).

f(t]a,B) = P (t>ﬁlexp{—(;>ﬁ}, 1> 0. (4.8)

a\a

with ¢ the time in years, o the scale parameter, and f the shape parameter. The part of the equation
before the exponent can be described as the amount of failures per unit time A in (4.9).

A Byt 4.9
tla,B)== (= .
(to.p)="5 () (49)
The cumulative distribution function (CDF), describing the percentage of devices that have failed already
compared to the total number of devices, is obtained as (4.10) after calculating the integral of f(¢ | &, B):

F(t|a,[3)zlexp{(;>ﬁ}, t>0. (4.10)

The scale parameter o determines the spread of the lifetime distribution and represents the time at which
63.2% of components are expected to have failed. This specific percentage arises because, regardless of
the value of 3, when t = «, the cumulative distribution function results in F(¢) = 1 —e~! ~63.2%. The
shape parameter 3 determines whether the failure rate A will decrease over time, stay constant or rather
increases over time depending on whether B < 1, B =1 or B > 1 respectively, due to the  — 1 exponent
on the ¢ in (4.9), which leads to the characteristic failure rate curves in Figure A.1.

MATLAB provides the "whblfit" function to estimate these parameters, resulting in the results in Table 4.5
Table 4.5: a and B obtained from "wblfit" function in MATLAB.

a B
IGBT 10.07 | 3.02
Forward diode | 4.96 | 2.91

Which leads to the Weibull curve as seen in Figure 4.8, plotted over the previously obtained probability
density function of each of the relevant components.
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Figure 4.8: The Weibull curve plotted with & and 8 values obtained from the "wblfit" function in MAT-
LAB. Note that the lifetime can never be smaller than 0 years.
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By integrating over the Weibull curve, a curve is obtained, which will represent the percentage of the
components in the Monte Carlo sample size that have failed as a function of time. To get the reliability
curve R(¢ | o, ), the complement of this curve is taken to obtain:

R(tya,ﬁ)—exp{—(;>ﬁ}, >0, @.11)

and the consequent plots like Figure 4.9
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Figure 4.9: The reliability of the relevant components.

4.3 Device reliability

Finally, after having obtained the individual component reliabilities, the overall SSCB reliability curve
can be obtained. In this case, it is assumed that every component inside the SSCB is necessary, meaning
that there are zero redundant components. By expressing that in terms of reliability network modelling,
the reliabilities per component of the reliability block diagram are in all series, as described in Fig-

ure 4.10.

o— Rpsw,1 — Rpiw2 — Riger —  Rppw —  Rppwe —o

Figure 4.10: Reliability block diagram of the SSCB describing a series reliability network.

This means that in order to obtain the total SSCB reliability, all of the reliabilities just have to be multi-
plied by each other, resulting in (4.12)

RsscB = Rppw,1Rp w2 R1GBT,1RDbw,1 RDbW,2 (4.12)
With Rpyy,, the reliability of the forward-facing diodes, R;Gpr,,» the reliability of the IGBT and Rpp.,
the reliability of the backwards-facing diodes. Since both identical forward-facing diodes have exactly
the same mission profile and are thus equally loaded, their reliability curves are the same, just like the
case with both identical backwards-facing diodes. Therefore, to obtain the SSCB reliability curve, the

reliability curves are squared and then multiplied, resulting in (4.13)

Rssce = Rpf, RGBT R, (4.13)
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and obtaining the following reliability curve in Figure 4.11
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Figure 4.11: Reliability of the SSCB and its components as a consequence of purely the wear-out
failure mechanisms.

To better interpret the results of the reliability calculation, only the times at which the lifetime of each
component crosses the 90% reliability mark are noted, called the B-10 lifetime. The B-10 lifetime
denotes the point in time by which 10% of the components in the sample size are expected to have failed,
implying a 90% probability that a randomly selected component is operational at that instance in time.
The results of the B-10 lifetimes are shown in Table 4.6.

Table 4.6: B-10 lifetimes due to thermal fatigue

SSCB | Forward diode | IGBT
B-10 liftime (years) | 1.78 2.29 4.78

It is to be noted that the obtained B-10 lifetime does not necessarily guarantee that 90% of the samples
are actually operational by then. This number is merely an estimation done by the CIPS with correction,
which only takes into account the wear-out failure mechanisms. Many other factors, which are harder to
estimate, such as catastrophic failures (sudden overcurrents, cosmic rays, etc.) and environmental factors
(humidity, vibration), can play a role in reducing a component’s lifetime.
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Chapter 5

Sensitivity Analysis

With the developed SSCB model in chapter 3 and the reliability model in chapter 4, the sensitivity
analysis can be carried out. In this chapter, the main goal is to see the impact on the SSCB lifetime due
to changes in the mission profile, SSCB configuration, and operational parameters in comparison with
the base configuration from the previous chapters. This chapter is thus divided into four sections: The
first one containing the impact on lifetime as a consequence of the mission profile changes. The second
section contains the lifetime changes due to the addition of parallel components in the SSCB. Thirdly,
the parameters regarding the operation of the SSCB are changed, for example, the coolant temperature.
Lastly, the final section gives an overview of the quantified benefit and relative drawbacks of each change
made.

5.1 Mission profile sensitivity

To observe the changes due to the mission profile, multiple changes compared to the base model made
in chapter 4 can be implemented, such as:

* Bidirectional charging: Instead of charging through the SSCB 16 times from one side, divide the
charging direction into x times from one side and (16 - x) times from the other side.

* Changing the charging power: Change the power at which the batteries are getting charged while
obtaining the same amount of energy per charging cycle.

5.1.1 Bi-directional charging

One of the options to potentially improve the lifetime of the SSCB is to make use of its bidirectionality to
reduce the stress on the diodes. However, in doing so, instead of making use of just 2 diodes and 1 IGBT,
now 4 diodes and 1 IGBT are utilised. The bi-directionality will thus be a trade-off between increasing
the number of failure points in the system and reducing the stress on each individual diode.

To do so, the mission profile is split into a positive charging current, indicating a current flow from port
side to starboard side and a negative charging current, indicating a current flow in the reverse direction.
Since the current cycles are still separated from each other in the minutes domain, it is safe to assume
that the positive and negative current cycles will not affect each other’s junction thermal cycle due to the
low thermal inertia of the junction. Furthermore, following Miner’s rule, the daily accumulated damage
is independent of the charge current sequence. Thus, mission profiles in which the charging power goes
through the SSCB from the starboard side at the end of the day, like in Figure 5.1, are used to carry out
the sensitivity analysis of this section.

40



SSCB MP - 25% starboard-side charging SSCB MP - 50% starboard-side charging

1000 | 1 1000 |

500 1 500

Current (A)
(=)

Current (A)
(e}

-500 1 -500
-1000 : -1000
0 5 10 15 20 0 5 10 15 20
Time (hours) Time (hours)
(a) Mission profile of SSCB where 25% of the time (b) Mission profile of SSCB where 50% of the time
the charging power flows from the starboard side to the charging power flows from starboard side to the
the port side. port side.

Figure 5.1: Mission profile of SSCB where 25% and 50% of the time the charging power flows from the
starboard side to the port side.

To give a clear comparison between the effects on lifetime due to the changes in charging sides, the
results of the SSCB, IGBT and the forward diode are all normalised to the value obtained when charging
only from the port side. For the backwards diode, the results are normalised to the B-10 lifetime obtained
when only charged from the starboard side. Running the model yields the following result in Figure 5.2.

Normalised B-10 lifetime vs. percentage of charging via starboard-side
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Figure 5.2: Impact on the B-10 lifetime of the SSCB and its components due to the effect of the time
spent charging on either side of a ship.

As can be seen, by loading the SSCB equally from the starboard and the port side during charging, a B-
10 lifetime increase of 1.5 times for the SSCB and an increase of 2 times for the diodes can be achieved
compared to the case wherein the SSCB is only loaded from one side. This means that the lifetime can
be improved when the components are less thermally cycled, even though more components are affected
by degradation. Although the underlying strategy is conceptually straightforward, it is required that the
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vessel be equipped to support charging from both sides. Specifically, this means installing a second shore
charging inlet on the starboard side or integrating an internal switching mechanism capable of selecting
the side of the vessel through which the charging current flows through the SSCB first.

5.1.2 Changing charging power

The second mission profile-oriented option to influence the lifetime of the SSCB is to alter the stresses on
each component by either reducing or increasing the amount of power during charging. This change in
power is done by altering the current through the SSCB, which in turn will result in different power losses

and thus heat. This relation in heat generated versus the current through the SSCB and its components is
shown in Figure 5.3.
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Figure 5.3: Change in junction temperature swing as a function of the current through the SSCB with
the "base" case at 1000 A shown as the green dashed line.

From this chart, it can be concluded that by halving the current through the SSCB from 1000 A to 500 A,
the junction temperature swing reduces by more than two times from 87°C and 74°C to 33°C and 26°C
for the forward diode and the IGBT respectively. By increasing the current, the temperature swings get
approximately linearly larger until the forward diode junction reaches the maximum temperature swing
of 110°C and thus the maximum junction temperature of 150°C. For this analysis, it is assumed that
once it reaches this maximum temperature, the component is considered broken. As a consequence, it

is seen that at 1150 A the forward diode fails due to the temperature exceeding the maximum junction
temperature of 150°C.

To maintain the same energy transferred to the batteries, the charging should also take longer, namely,
inversely proportional to the reduction in charging power. Since the charging time is always above 60
seconds, the on-time will have no effect on the lifetime estimation in this analysis due to the nature of
the CIPS with correction model. The resulting change in B-10 lifetime of the SSCB as a consequence of
changing the charging power is shown in Figure 5.4 on a logarithmic scale.
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Figure 5.4: SSCB B-10 lifetime as a function of the charging current and the charging time while
maintaining the same amount of energy transfer through the SSCB as in the base case (orange line).

From it, it is observed that by reducing the current through the SSCB by 100 A and increasing the charg-
ing time by about a minute, the B-10 lifetime already doubles. By halving the charging current and
doubling the charging time, the B-10 lifetime improves roughly 85 times. At 1150 A, the maximum
temperature of a component is reached, and the model is set to break down.

Although the on-time will have no effect on the lifetime of the SSCB, it does have an impact on the
operation of the vessel used as a ferry. By doubling the charging time, the vessel spends less time sailing,
meaning fewer people can be transported over time, or it needs to sail faster, which in turn consumes
more energy.

5.2 Configuration sensitivity

An important design consideration that has an impact on the B-10 lifetime of the SSCB is the number of
components installed on each heatsink. In the base case from the previous chapters, there was only one
component per heatsink enduring the full 1000 A charging current through it, which led to relatively high
mean temperatures and temperature swings. In reality, mostly modules are used, consisting of multiple
identically rated components in parallel to scale up the rating of the module. In this case, identical
parallel components are used to evenly distribute the load as described in the Cauer model in Figure 5.5.
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Figure 5.5: Cauer model with additional components n (per module) on a heatsink.

Doing so reduces the thermal stresses experienced by each individual component, which can, in turn,
reduce the chance of wear-out failures of each component. The reduction in the junction temperature
swing of each individual component is represented in Figure 5.6

Junction temperature swing vs. components per module
90 T

80

Temperature swing (°C)
B
(=}

20

1 2 3
Components per module

Figure 5.6: The change in junction thermal swing per individual component as a consequence of the
load and thus current being shared equally over the other components in the module over the same
module heatsink.

However, this comes at the cost of introducing more potential points of failure. Since IGBTs and diodes
predominantly fail as a short circuit [54], a single failure can break the SSCB. From a system reliability
perspective, this means that the components behave as if they are all arranged in series in a reliability
block diagram. For example, with 2 parallel components per module, there would be a total of four
forward diodes, four backward diodes and 2 IGBTs. In Table 5.1, this relation between the SSCB lifetime
and the number of components per heatsink is shown.
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Table 5.1: Increase in SSCB B-10 lifetime as a consequence of additional parallel components to share
the load.

Components per module | Nominal B-10 lifetime
1 1
2 31
3 175

Compared to the base case of one single component per heatsink, using a module consisting of two par-
allel components can increase the lifetime by 31 times. With 3 parallel components, this increases to
175 times, compared to the base case. Nevertheless, this does not imply that increasing the number of
parallel components is always beneficial. If the cost of integrating each additional parallel component
is a multiple of the component cost, then doubling the number of components effectively doubles the
cost per module. Moreover, even though the wear-out failures decrease due to the load sharing between
parallel components, the likelihood of failure due to random chance failure mechanisms still persists.
With the assumption that each component fails as a short-circuit and is thus essential for the operation of
the SSCB, the increase in components can contribute to a higher chance of failure due to the increased
amount of failure points.

5.3 Operational parameters sensitivity

The last sort of parameters that can change the lifetime of the SSCB are of the operational type. External
factors that are not related to the mission profile of the vessel, nor related to the configuration of the
SSCB. One example would be a change in the coolant temperature. Mostly, the cooling system of the
ship is a closed-loop system, in which fresh water or a type of liquid coolant is pumped around the de-
vices in need of cooling [55]. After extracting the heat from the devices, this coolant is in turn cooled via
a heat exchanger with seawater as the medium. Hence, the minimum coolant temperature depends on the
efficiency of the heat exchanger and the seawater temperature. To achieve a lower coolant temperature
than the seawater temperature and a more stable coolant temperature required for more sensitive devices
such as batteries, an additional cooling system utilising heat pumps to further chill the coolant is needed.

With a difference in the coolant temperature with the designed cooling system in chapter 3, it can be
observed that the mean junction temperature of the components changes linearly, as seen in Figure 5.7a.
Furthermore, the temperature swing is also noticeably affected by the coolant temperature and the re-
sulting increase in mean temperature. Looking at Figure 5.7b, an increase of 7°C for the IGBT and 5°C
for the forward diode between a coolant temperature of 10 and 60 °C is observed. Consequently, the
junction temperature of the forward diode reaches its maximum temperature at a coolant temperature
around 59°C already, leading to the breakdown of the diode.
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Figure 5.7: Junction temperature mean and swings of the SSCB components. As the coolant temperature
increases, so does the mean temperature and the temperature swing.

The influence of varying coolant temperatures on component lifetime is illustrated in Figure 5.8. A
coolant temperature of 20 °C, which is half of assumed the base case, results in an approximate 1.4
times increase in lifetime compared to the reference scenario. This highlights the impact that operating
conditions, such as ambient seawater temperature, can have on the lifetime of the SSCB. Given the global
variability in seawater temperatures, the operating region becomes a marginal factor in SSCB lifetime.
While the implementation of active cooling strategies, such as heat pumps, could enable lower coolant
temperatures, this would introduce additional energy requirements and operational costs that must be

considered.
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Figure 5.8: Result of the change in SSCB B-10 lifetime due to the coolant temperature.

The dashed line

indicated the coolant temperature in the base case.
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5.4 Summary sensitivity analysis

In summary, each of these changes will have a beneficial effect on the SSCB, either by reducing the
thermal swings or by sharing the load and stresses over multiple components. However, each of them
also has its respective drawbacks. These are summarised in Table 5.2.

Table 5.2: Summary of the described changes influencing SSCB lifetime

Benefit

Drawback

Bi-directional charging

Maximum of 1.5 times
increase lifetime if both sides
equally loaded.

Need to have pre-equipped
bidirectional charging support
on the vessel.

Reduced charging power

Approximate 2 to 3 times
increase in lifetime per 100 A
reduction in charging current.

Increased charging time
inversely proportional to
reduction in charging power.

Parallel components

Two components per module

for every component in SSCB

increase B-10 lifetime already
by 31 times.

Expensive; practically second
SSCB in parallel.

Reducing coolant temperature

Approximate 1.2 times
increase in lifetime per 10°C of
coolant temperature decrease.

Coolant temperature
dependent on outside water
temperature or power of
heatpump.
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Chapter 6

Electrical Disturbances

In this chapter, the effects of high-frequency noise on the SSCB lifetime compared to the base mission
profile are investigated. First, the developed iterative thermal model needs to be altered to a dynamic
model, which calculates the junction temperature as a function of time and allows it to follow the small
thermal fluctuations as a consequence of short power loss pulses. Secondly, with the obtained dynamic
model, the accumulated damage per day is calculated for a range of amplitudes and frequencies.

6.1 Dynamic thermal modelling

In the previous chapters, it was assumed that the power-on duration was adequately long to allow the
junction temperature to reach its steady-state value during each power cycle. As a result, it was cho-
sen to calculate the junction temperature via iterative modelling using the capacitor-less Cauer model
(Figure 2.5a) as explained in subsubsection 3.4.2 and let the junction temperature rise immediately to its
steady state temperature. However, for short transient pulses such as high-frequency sinusoidal noise,
due to the thermal inertia (or thermal capacitance) in the device, the junction temperature does not have
the time to reach a new steady-state temperature before the noise power cycle has ended. Consequently,
dynamic modelling has to be used, which utilises the Foster model. Unlike iterative modelling, dynamic
modelling is dependent on the transient thermal impedance characteristics of the component to have a
variable thermal impedance based on the on-time of a given power cycle and takes the temperatures of
the power device from a previous timestep into account. This enables the model to calculate what the
junction temperature should be for each timestep.

6.1.1 Transient thermal impedance

The most significant difference between the iterative model used in chapter 3 and the dynamic model in
this chapter is thus the use of transient thermal impedances and the Foster model. In chapter 2, it was
explained that the Foster model represents the thermal transient of the whole device, or a part thereof.
In this case, only the transient thermal impedance between the junction and case is taken into account,
which is given in the datasheets of the selected components [40] [41] as a 4-layer Foster model with the
time constant 7 and the normalised thermal resistance per layer as seen in Table 6.1.

Table 6.1: Normalised thermal resistances and corresponding time constants of the junction-to-case Fos-
ter model for both the IGBT and diode modules.

i 1 2 3 4
Ri/Ry(je) | 0.0096 | 0.1893 | 0.4044 | 0.3967
7i(s) 0.0001 | 0.0058 | 0.0602 | 0.3512

Using (6.1) the thermal impedance is obtained for the junction-to-case

Zing.o(t) = Y Ri {1 —exp (;t) } (6.1)
i=1

i 1

This is then plotted as a function of time as shown in Figure 6.1.
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Figure 6.1: Transient thermal impedances of the IGBT and diode following their respective datasheets.

The sink-to-ambient thermal capacitance, which reflects the thermal inertia of the heatsink, is excluded
from the transient thermal model due to the significantly slower time constants involved. The thermal
capacitance of a typical heatsink is sufficiently large that its thermal response reaches a steady-state
impedance only after approximately 100 seconds [56]. As a result, the heatsink temperature changes
due to short thermal fluctuations from the semiconductor junction under a second induced by the noise
current, can be assumed to be a negligible amount.

As for the thermal impedance of the case-to-sink, which represents the behaviour of the thermal interface
between the case and the heatsink, there is a lack of the thermal capacitance data for it. So, a study such
as [57] neglect the thermal capacitance of the interface and model it solely as a thermal resistance. This
simplification implies in the Foster model that the thermal interface responds instantaneously to power
fluctuations, regardless of their duration, much like the assumption in the iterative model. While such an
approach can be acceptable for low-frequency thermal transients, where the junction has sufficient time
to heat up to its steady-state value, and the interface temperature is able to track the junction temperature
in a coupled manner, it introduces significant errors when applied to high-frequency noise currents. This
is due to the junction temperature remaining largely unaffected as a consequence of the limited thermal
impedance in such a short time frame (see Figure 6.1). Consequently, this would result in the junction
temperature becoming entirely determined by the thermal resistance of the interface, which is an unreal-
istic scenario [57].

Therefore, it was decided to consider the thermal capacitance of the interface high enough, such that
short fluctuations will not influence its temperature, much like the behaviour observed for the heatsink; a
method utilised by [29]. While this introduces a degree of error for the junction temperature calculation
in the lower range of frequencies, this reduces the calculation errors in the high-frequency noise region.
Since the interest in this chapter lies in the high frequencies, this was deemed the better alternative.

In conclusion, the isothermal case temperature that the Foster model of the junction-to-case part sees
is the steady-state temperature that is dictated by the thermal resistances of the thermal interface and
the heatsink, and the power loss of the noiseless mission profile in chapter 3. Which results in the
temperatures in Table 6.2
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Table 6.2: Case temperatures that the junction-to-case Foster model experiences.

Charging | Sailing
IGBT | 90.59°C | 40°C
Diode | 90.13°C | 40°C

6.1.2 Noise insertion

To simulate noise, a sinusoidal wave is superimposed over each of the power cycles in a day. With the
assumption that the wave is the same for every power cycle at any given moment during the steady-state,
only counting the number of thermal cycles in a part of the noise profile would be sufficient to obtain
the damage to a component in a day. However, a difference has to be made between the noise during the
charging operation and the sailing operation. This is because during the charging operation, the noise
oscillates around 1000 A, which causes the noise cycle to oscillate at a higher mean temperature than
during the sailing period, wherein the noise oscillates around 0 A, resulting in it oscillating close to the
minimum coolant temperature of 40°C. However, that is only if the SSCB were to be closed during the
sailing period. If it were open, then there would naturally be no noise current flowing through it.

This oscillation around 0 A gives the implication that the noise current can flow into the "negative"
direction. As an example and a starting point from which the dynamic model is developed, a noise of
1000 Hz with an amplitude of 100 A is inserted, as plotted in Figure 6.2 in a 2 ms timeframe.

1100 1000 Hz sinusoidal noise - charging period 100 1000 Hz sinusoidal noise - sailing period
1050 1 50
< <
5 1000 5 0
=) =)
i =
@) Q
950 1 -50 1
900 : : : -100
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (ms) Time (ms)
(a) Noise current during the charging period. (b) Noise current during the sailing period.

Figure 6.2: The resulting current through the SSCB with a 1000 Hz, 100 A noise current added to the
base mission profile current during the charging period or the sailing period.

For the IGBT, this means that it will receive half of the amplitude swing but at double the frequency,
since the current always flows in one direction. For the diodes, this means that the backward diodes
are also utilised during the sailing operation. The currents trough the relevant components are shown
in Figure 6.3. It can be seen that due to the alternating and identical pattern at which the forward and
backward diode conduct, it can be deduced that the forward and backward diodes will endure the same
stresses over a longer period of time. Therefore, for the remainder of the calculations done for the sailing
period, only the calculations for the forward-facing diode are shown.
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Figure 6.3: Noise current through the components during the sailing periods. It is seen that the forward
and the backward diode conduct in an alternating pattern from each other.

6.1.3 Power loss with noise

As demonstrated in chapter 3, the junction temperature and power loss are interdependent variables: the
power loss is influenced by the junction temperature, while the junction temperature is, in turn, a function
of the power loss. Thus, an iterative process was needed to accurately estimate the junction temperature
in each instance of time. However, noticeable differences in the estimated junction temperatures between
iterations were only observed due to the variation in current during the power cycle was sufficiently large
to cause a marginal increase in both the junction temperature and the power loss. This ongoing interac-
tion between the two parameters continued for a few iterations until thermal equilibrium was reached. In
the case of the noise cycle, it is to be questioned whether this iterative part of the calculation is needed.
The changes in junction temperature as a consequence of solely the noise are namely expected to be too
small to have a significant impact on the power loss calculation due to the high frequency of the noise
and the transient thermal impedance.

Thus, since the interest lies in the power loss and the temperature fluctuation as a consequence of the
noise in the steady-state periods of the base mission profile, the steady-state junction temperatures cal-
culated in Table 3.3 are used to estimate the power losses for now. This results in the following plots in
Figure 6.4.

51



Power loss - charging period Power loss - sailing period

2600 100
——IGBT
2500 F Diodefw |
80

2400
—~ ~~
g 2 ol
@ 2300 2 60
2 2
= —
g 2200 S o}
= £

2100

20
2000
1900 : : : 0
0 0.5 1 1.5 2
Time (ms) Time (ms)

(a) Power losses of the components as a function of (b) Power losses of the components as a function of
time during the charging period. time during the sailing period.

Figure 6.4: Power losses of the components as a function of time during the charging period and the
sailing period.

These obtained losses are merely the conduction losses. However, with the introduction of changes in
the current direction during the sailing period, switching losses have to be considered for the diode,
especially at higher frequencies. To see the impact of the switching losses, the simulation model of the
SSCB in Figure 3.3 is used with some alterations. Namely, the DC-voltage source is changed with an
AC voltage source representing the 1000 Hz noise signal, which in turn generates a current close to 100
A peak-to-peak. Next, the values related to the switching losses of the diode are filled in, which are the
reverse recovery time ., peak recovery current /., and the reverse recovery charge Q. These values
are summarised in Table 6.3 and obtained from the datasheet of the diode [41].

Table 6.3: Switching loss related values at 25°C junction temperature

tr(Bs) | Trm(A) | On(pC)
Diode 0.95 1800 1200

As a result, the behaviour of a single diode during switch-off is obtained as in Figure 6.5.
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Figure 6.5: Voltage, current and power loss figures of the diode during the turn-off period.

It is seen that the switching loss per turn-off cycle is only a maximum of 55 mW and only present for
about 1.2 us. In comparison with the conduction losses, which are a maximum of around 90 W to 100 W
and present for a much longer period of 0.5 ms, it can be concluded that the switching losses are not of
importance. The low switching loss is mainly due to the low voltages at which the diode has to change
from forward-bias to reverse-bias. This low voltage can be explained by looking at the configuration of
the SSCB (Figure 3.3), when the current reverses, the diode that switches to reverse-bias needs to only
endure the forward voltage of the diode and IGBT branch in parallel, which are both 0.6 V, and explains
the negative voltage of merely 1.2 V. This in conjunction with the relative low maximum reverse recovery
current, yield a low power loss per turn-off.

6.1.4 Thermal model with noise

With the obtained power losses, the temperature fluctuations can be obtained. Unlike in chapter 3,
where the junction temperature was simply obtained by multiplying the power losses with the thermal
resistances, the junction temperature calculation with a variable thermal impedance is more complex
due to the influence of time dependency. As described in chapter 2, it needs to be calculated with a
convolution between the power loss and the derivative of the thermal impedance. In this case, where the
transient thermal impedance is only applicable for the area between the junction and the case, and with
ambient temperature T, as the fixed temperature 7¢, this yields the junction temperature equation in (6.2).

Y](I) = Tc<t) + (HOSS(I) * %Zth(j, c)(t)> (6.2)

To validate whether the result of this equation is correct, a 5-second-long dummy power profile of the
IGBT is made with a 100W power loss for the first 2.5 seconds before falling back to 0 W loss for the
remainder of the time. Assuming that 7, = 100°C, the results are shown in Figure 6.6
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Figure 6.6: Validation of the dynamic model using the parameters of the IGBT and a case temperature of
100°C. Using the dummy power profile as input, it is seen that the resulting junction temperatures match
the junction temperature calculations with the time-dependent thermal transient impedance of the IGBT
in Figure 6.1a.

It is to be expected that at 0.1s of the power pulse, the thermal impedance of the IGBT is Zpc) =
0.0065K/W. This would theoretically lead to an increase of 100 -0.0065 = 0.65°C at that moment,
which coincides with what is seen in Figure 6.6b. At 0.5s, Zjc) =~ 0.009K /W, which should result
in 100-0.009 = 0.9°C increase in temperature. Again, this coincides with the result in Figure 6.6b.
The second part of the dummy profile, where the power drops to 0 W, shows the same behaviour as the
first part, but vertically mirrored, representing the gradual cooling of the junction following the thermal
impedance. Thus, it can be concluded that the model behaves as it is expected.

Applying the thermal model to the power loss profile in Figure 6.4 with the case temperature described
in Table 6.2, results in the plots in Figure 6.7, which represent the output of the junction-to-sink Foster
model.
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Figure 6.7: Output of the Foster models for both the charging and sailing period.
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It is seen that the output of the junction temperature during the charging period coincides with the it-
eratively calculated junction temperatures in Table 3.3, with the initial rise in temperature from around
90°C due to the main 1000 A current. However, the interest lies only in the changes in temperature due to
the power fluctuations during the steady-state period. To observe solely the influence of electrical noise
on the junction temperature, the focus is on the time period during which the junction has reached, or is
approaching, its maximum thermal impedance. This condition can be assumed to occur at approximately
4 seconds, looking at Figure 6.1. A zoomed-in view from the 4-second mark in Figure 6.7 reveals the
temperature fluctuations induced purely by the noise, as illustrated in Figure 6.8.
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Figure 6.8: Junction temperature fluctuations as a consequence of the noise current for both the charging
period and the sailing period.

From it, the thermal fluctuations as a consequence of the noise can be observed as described in Table 6.4.

Table 6.4: Temperature swing as a consequence of noise current.

Charging Sailing
IGBT | 0.0927°C | 0.00830°C
Diode | 0.142°C | 0.0235°C

6.1.5 Iterative calculation

The initial assumption that the thermal swing as a consequence of high-frequency noise is too small to
noticeably affect the power loss calculation seems to be correct, with the largest temperature swing due
to the 1000 Hz, 100 A noise profile belonging to the diode during charging, with a value of 0.142°C.
Looking at the zoomed in version of the power loss of the diode in Figure D.1, around 1000 A, a 50°C
increase in temperature, would only affect the power loss by around 120 W. Assuming linear scaling, this
would mean that the 0.142°C peak-to-peak temperature swing, only affects the power loss by 0.34 W,
which in conjunction with the already low thermal impedance of the diode at 1000 Hz, would result in a
negligible amount which is not worth the reduction in computational speed due to the iterative calculation
process.

6.1.6 Damage contribution

With the obtained thermal swings, the same method as described in chapter 4 is used to obtain the damage
per day done to the components. First, a segment of the temperature profile of when the components
swing around their steady-state temperature is taken, which was chosen as a one-second period from 4 to
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5 seconds in the charging period and the sailing period from Figure 6.7. These one-second temperature
fluctuations are then put in the rainflow counting algorithm, and the data in Table 6.5 is obtained.

Table 6.5: Output of the rainflow counting for the 100 A, 1000 Hz noise profile.

Nep A]},h(oc) ]]mean,h(oc) ]}min,h(oc) Ton,h (ms)
IGBT (Charging) | 1000 | 0.0927 114.318 114.225 0.5
IGBT (Sailing) 2000 | 0.0083 40.563 40.554 0.28
Diode (Charging) | 1000 0.142 127.010 126.868 0.5
Diode (Sailing) 1000 | 0.0235 40.470 40.447 0.24

Then, by filling in these values in the CIPS with the correction lifetime estimation model, the number of
cycles until failure is obtained. First, the number of seconds during which the ship is in charging mode
is needed, which is roughly 16 charging cycles - 10min - 60 seconds = 9600s. As for the sailing time,
that number amounts to 48000 seconds. Calculating the damage per second by dividing the number of
cycles in a second by the cycles to failure, as in (4.1), and multiplying it by the number of seconds spent
charging or sailing, the results in Table 6.6 are obtained.

Table 6.6: Results from the CIPS with correction per component as an effect of noise. The backward
diode receives the same damage per day as the forward diode during sailing operation.

Nf(cycles) Dacc—day(_)

IGBT (Charging) | 1.014-10™ | 9.478 .10~ 12
IGBT (Sailing) | 9.402-10?% | 1.021-10~1
IGBT (Total) N/A 9.479-10~12
Diode (Charging) | 1.384-10'7 | 6.946-10~ '
Diode (Sailing) | 9.465-10% | 5.072-10~'
Diode (Total) N/A 6.951-10~ 11

Comparing the total damages per day received due to noise with the damage per day from the base mis-
sion profile, which was 3.210- 10~* for the IGBT and 6.559 - 10~ for the diode, the normalised damage
become 2.953 - 1078 and 1.060 - 10~ for the IGBT and diode respectively. The damage inflicted by the
noise is thus many magnitudes lower than the damage inflicted by the temperature fluctuations of the
base mission profile, meaning that for a noise current of 1000 Hz and an amplitude of 100 A, the damage
inflicted is negligible. Moreover, it is observed that the damage received from the sailing period is 3
orders of magnitude lower than the damage received during the charging period, even though the sailing
period is a longer period of time, meaning that almost all of the damage received from noise is from the
charging period.

It is expected that the damage inflicted by noise can rise as the noise frequency gets lower, since the
junction is given more time to heat up or cool down. The damage can also rise when the noise cur-
rent amplitude gets higher, leading to faster temperature rises and drops. To see the relation of these
changes to the damage on the components with respect to the damage from the base mission profile, a
plot showcasing the normalised damage from different noise amplitudes vs the frequency is plotted in
Figure 6.9.
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Figure 6.9: Normalised daily damage of the relevant components compared to the daily damage.

It can be observed that the normalised damage is inversely proportional to the noise frequency, with
approximately a two-order-of-magnitude reduction for every one-order-of-magnitude increase in noise
frequency. On the other hand, an increase in noise current amplitude is proportional to the increase in
damage, with about a 4.5 order-of-magnitude increase for each one-order-of-magnitude increase, as seen
between 10 A and 100 A.

The maximum additional damage that the IGBT and (forward) diode can receive from the testing param-
eters is thus at a noise frequency of 10 Hz, with a 200 A amplitude. This resulted in a normalised daily
damage of 2.841- 1073 times for the IGBT and 1.11 - 10~2 times for the forward diode. The backwards
diode is, as stated before, only active during the sailing period and will thus only receive damage during
that period. From the output of the model, this resulted in a daily damage of 5.172- 1078, Since the
backwards diode was not active in the entire base mission profile from chapter 4, it is not possible to give
a normalised damage compared to the backwards diode. However, to give a perspective of how much
impact this has, by normalising it with the forward diode damage, this would amount to a normalised
damage contribution of 7.885- 10—, which is about a 100 times smaller than the damage received during
the charging, in line with the ratio described at a higher frequency of 1000 Hz in Table 6.5.

From Figure D.2 and Figure D.3, it is seen that for both components the biggest thermal swing across
all frequencies, noise amplitudes and operational periods, is still below a 30°C swing, in the region at
which the CIPS model is known to start to overestimate the damage to components [50]. Consequently,
the relatively small normalised damage values presented in Figure 6.9a and Figure 6.9b already represent
the maximum ratio between the noise damage and the base mission profile damage.

Applying this knowledge to DC bus systems in marine applications, which are subjected to differential
noise currents from converters in the system or the shore charger from the charging input, it is seen that
the amplitude of these noises should be a maximum of 0.75% of the nominal current on the DC-bus
at 10 Hz or 3% at 5 kHz following the IEC 61851-23-3 standard [58], which amounts only to a 7.5 A
or 30 A amplitude in noise current through the SSCB. Furthermore, these ripples are in the kHz range
following the switching frequency of the converters in the SPS, which, from measurements on a practical
vessel in Figure 2.7 or Figure 2.6, are roughly multiples of 4 to 5 kHz. In conclusion, by observing the
results in Figure 6.9, the additional damage from the electrical disturbances on the DC-bus to the SSCB
components compared to the main mission profile is negligible.
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Chapter 7

Conclusion and future work

This Master’s thesis has investigated the influence of various mission profiles related stresses within the
shipboard power system on the lifetime of an SSCB intended for use as a bus tie in a radial ship power
system configuration. The results provide a basis for quantifying how modifications in the mission
profile, SSCB configuration, or operational parameters affect the expected lifetime relative to a designed
base case scenario, which is to utilise the SSCB to transfer 1000 A from one charging input to the battery
on the other side of the vessel 16 times a day, while no power is transferred during the sailing period. By
establishing these relationships, the findings can provide assistance in design and operational decisions
which indirectly influence SSCB reliability in practical marine applications. The answers to the four
research questions in chapter 1 are given to conclude this thesis.

1. Which considerations should be taken into account when designing the SSCB?

To design an SSCB model representing a practical SSCB that could be used in the pre-defined use-
case, the first consideration was the selection of the SSCB topology. For the base case, optimally,
the RB-IGCT topology is selected to minimise power losses and the consequent heat generation.
However, it was found that due to the novelty of the device, a topology which utilises more com-
mon and mature components, such as the IGBT, and which reflects commercially available SSCBs,
was preferred to obtain more reference data and selection in available voltage and current ratings.
The second consideration is based on the nominal voltage and current ratings, which are recom-
mended to be at least 54% and 10% above their respective operational values to ensure a safe
blocking margin after the SSCB has opened. The next consideration concerns limiting the peak
current through the current interrupter during fault interruption. This peak current is dictated by
the selected switch its turn-off time and the power system inductance. If the power system induc-
tance is insufficient to prevent the current from exceeding the peak current rating (mostly defined
as twice the nominal rating) of the components, additional inductance must be inserted in the cur-
rent path of the current interrupter of the SSCB to limit the current rise, which was 10uH in this
design. The following consideration is the design of the voltage clamping circuit, whose purpose
is to protect the switch from overvoltages. The MOV circuit was selected as a suitable component
for this protection, mainly due to its simplicity and bi-directionality. Lastly, the cooling of the
components in the SSCB should be based on the amount of power losses from the components
and their respective safe operating temperatures. For the base case, it was found that forced air
cooling was not enough to keep the junction temperatures of the selected components under their
respective maximum temperatures. Thus, a water cooling solution was selected with a 7.5 K/kW
thermal resistance.

2. How to obtain a lifetime estimation of the SSCB as a consequence of thermal fatigue?

To model the SSCB lifetime solely as a consequence of thermal-mechanical fatigue, mission pro-
file analysis is used. First, a power loss model needs to be made from the VI-curve given in the
datasheets of the chosen components. Since the SSCB is not expected to switch often due to its
functionality as an emergency circuit breaker, only the conduction losses are taken into account.
Then, assuming the mission profile power-on-time is large enough such that the junction temper-
atures of the components always reach their steady-state temperature, the Cauer model without
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the thermal capacitance representing thermal inertia is sufficient to obtain the junction tempera-
ture profile over the course of a day. Next, the component reliability of a single component is
obtained via multiple steps. The first of which is the cycle counting, which utilises the rainflow
counting algorithm to differentiate different classes of thermal cycles in the temperature profile.
The output of this algorithm provides information regarding the cycle count, temperature swing,
mean temperature, minimum temperature and the power-on-time per class, all of which are used
in the lifetime estimation models. It was concluded that the CIPS model was the preferred lifetime
model compared to the LESIT and "Zhou" model in this sensitivity analysis due to its relatively low
cycle-to-failure prediction and low sensitivity to temperature swings in the defined mission profile
with a fixed minimum temperature, giving results reflecting the minimum sensitivity. However, a
correction factor is applied to the CIPS model to reduce the unrealistic impact of long (>60 s) and
short (<0.1) power-on times. This cycle-to-failure estimation is then repeated with varying model
parameters 3 following a 5% deviation with a Monte Carlo analysis to simulate estimation uncer-
tainties of the lifetime model. After transforming them from cycle-to-failure to lifetime in years,
this results in a probability mass function which, once fitted into a Weibull curve and subtracted
from 1, results in the reliability curve representing the percentage of the number of components
operational in the given sample size at an instance of time. Having repeated this process for all
the components in the SSCB and assuming that all components are crucial for the operation of the
SSCB, the reliability curves are multiplied with each other, resulting in the reliability curve of the
SSCB in the defined base case as a consequence of thermal fatigue. The B-10 lifetime, which ide-
ally reflects the time at which 10% of the components have failed due solely to wear-out failures,
is noted to help interpret the results. These are obtained as 4.78 years for the IGBT, 2.29 years for
the forward diode and 1.78 years for the SSCB.

. What is the sensitivity of SSCB lifetime due to changes in the mission profile, SSCB configuration
and operational parameters?

Four changes that impact the SSCB lifetime are investigated, which are: Making use of bidirec-
tional charging, changing the charging power while increasing the charging time, load sharing by
parallel components, and the coolant temperature used. By normalising the obtained lifetime with
the lifetime from the base case, the focus lies on the sensitivity of the lifetime to the aforemen-
tioned changes. For the bi-directional charging change, it was found that by equally charging the
vessel from both sides instead of only from one side during the daily mission profile, an increase
of 1.5 times in SSCB lifetime could be achieved. Next, the change in the amount of power flowing
through the SSCB during the charging operation has a significant effect on the junction temper-
ature swings. Each 100 A difference would result in roughly a 12°C difference in temperature
swing. Consequently, this results in a change in lifetime difference growing exponentially 2 to 3
times per 100 A as seen in Figure 5.4. Sharing the current load between identical components on
the same heatsink reduced the thermal swings, with a reduction almost inversely proportional to
the number of components in parallel. By assuming that each component fails as a short-circuit
and is thus essential for the operation of the SSCB, a lifetime increase of 31 times and 175 times
is present when 2 and 3 identical components, respectively, are placed in parallel. Lastly, it was
concluded that changes in coolant temperature amount to almost a linear relation with the lifetime,
with a 10°C reduction in coolant temperature, resulting in a 10% increase in lifetime per 5°C. Each
of these changes influencing the SSCB lifetime has its own drawbacks though, meaning that im-
plementing changes beneficial for the SSCB potentially has other implications on the system-level
operation.

. To what extent does electrical noise have an impact on the solid state circuit breaker reliability
compared to the mission profile?

To estimate the impact on the lifetime of the electrical noise through the SSCB in comparison to
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the mission profile, a dynamic model was designed to take thermal capacitance into account, which
causes the thermal impedance of a component to be a function of time. By overlaying a 1000 Hz,
100 A sine wave into the base mission profile, an exaggerated common-mode or differential mode
noise current through the SSCB is simulated. During the sailing period, the noise currents will
also fluctuate in the negative direction, which will frequently turn the diodes on and off and induce
switching losses. However, it was found that these switching losses are negligible compared to the
conduction losses. To isolate the influence of noise on the lifetime, a one-second period during the
charging or sailing operation in which the steady-state temperature is reached as a consequence of
the mission profile is taken for analysis. It was found that during the charging operation, the noise
would only amount to 0.0927°C and 0.142°C of junction temperature swing for the IGBT and
diode, respectively. During sailing operation, it amounts to 0.0083°C and 0.0235°C for the IGBT
and diode, respectively. These temperature swings eventually amount to additional damage to the
components, which are 7 to 8 orders of magnitude lower than the damage done due to the mission
profile. By increasing the noise amplitude to 200 A and decreasing the frequency to 10 Hz, the
components will have a higher junction temperature swing. However, it is seen that the damage
contribution only increased to about a hundredth of the mission profile damage, meaning that the
contribution of noise on the wear-out failure mechanisms due to thermo-mechanical fatigue is
negligible for the considered use case.

What is the impact of changes in mission profile and CM/DM noise on the lifetime of a solid-state
circuit breaker as a bus tie in a DC ship power system?

In line with the previous results, variations in the charging current, corresponding to changes in the
maximum stress within the mission profile, have the most significant impact on the SSCB lifetime,
while having a relatively minor drawback of a varying charging period. The bi-directional charging and
changes in the coolant temperature were shown to have a relatively low impact on the lifetime. Load
sharing between parallel components in a module significantly increased the lifetime, but at a cost of
basically investing in a second SSCB. Concerning the impact of noise on SSCB lifetime with respect
to the damage done by the mission profile, it can be concluded that high-frequency noise, such as the
common-mode and differential-mode noise, has a negligible effect on the lifetime of the SSCB when
solely focusing on wear-out mechanisms due to thermal-mechanical fatigue.

7.1 Future work

Given the numerous design choices made in the SSCB model and the reliability model, there remains
a considerable number of alternative scenarios, each influencing the SSCB lifetime differently. Future
research on SSCB lifetime sensitivity could therefore focus on the following topics:

 In chapter 3, the rectifier-assisted topology was selected due to the availability of data concern-
ing the components in the device to ensure a reliable modelling process. However, a more opti-
mal topology would have been the topology utilising two anti-parallel RB-IGCTs, since these are
specifically designed to have lower conduction losses and to have inherent reverse current blocking
capabilities without the need for additional diodes. Furthermore, since it only uses two compo-
nents, there are fewer points of failure, meaning a potential increase in reliability. However, further
research should be done on a suitable lifetime estimation model specifically for this component,
since the mentioned lifetime models in this thesis were derived from testing data with standard
power IGBT and diodes.

* In chapter 5, it was always assumed that during the sailing period, there is no current through
the SSCB, leading to it dropping to the coolant temperature in between the charging periods and
causing relatively big temperature swings. To reduce these temperature swings, the SSCB could
be kept warm by sending some power through it during the sailing period. In the fully electric
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ship power system of this thesis, to obtain consistent power sharing during sailing, one of the
batteries would have to be drained more quickly, which generates more heat. Furthermore, one
of the batteries would also need to store more energy per cycle, increasing the swing in state-of-
charge, severely affecting its own lifetime [59]. Consequently, these changes to improve SSCB
are not feasible in this particular system configuration. However, in a hybrid configuration where
a generator is supplying power to the DC grid via a converter, this can be a positive change with
respect to SSCB lifetime at a lower cost.

In chapter 5, load sharing between identical components was discussed. These components were
assumed to fail in a short circuit, such that if one component fails, the entire SSCB fails. However,
by selecting components that fail in an open circuit, redundancy can be applied to the component
module. Then, when one of the components in parallel fails, the remaining functioning compo-
nents in the module will take over the load of the failed component. This application of redundancy
results in a need for a model, in which a variable Weibull fit needs to be applied to accommodate
the change in o and B parameters sometime during the operational lifetime of the SSCB.

In chapter 6, it was concluded that the noise current, as a consequence of CM and DM noise,
has no impact on the lifetime of the components inside the current interrupter (IGBT, diode) of the
SSCB as a consequence of thermal fatigue. However, no parasitic resistances were modelled inside
the components of the SSCB, meaning that in practice, there could be some CM current flowing
through the more sensitive parts of the SSCB, such as the gate drivers. By investigating the impact
on the lifetime of these more sensitive control parts of the SSCB, whether as a consequence of
wear-out failures or random chance failures, a better understanding could be obtained about the
impact of noise on the SSCB lifetime.
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Figure A.1: Generic bathtub curve to represent the failure rate of three types of failures [5]
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Table A.1: Failures types of semiconductor devices

Device

Failure type

Failure mode

Failure mechanisms

Critical stressors

Semiconductors [9] [19]

Catastrophic failures

power dissipation

. Device failure in gate | Overcurrent/voltage
Open circuit . .
driver, Driver board
short-, open-circuit
Bond wire lift-off, Bond | Overcurrent
wire rupture after IGBT
short-circuit
High voltage breakdown | Overvoltage
Dynamic latch-up High dV/dt
Short circuit Second breakdown Overcurrent
Impact ionization Overvoltage
High temperature due to | Overcurrent

Table A.4: Comparison of model parameters for lifetime estimation in [4]

Parameter | Normal model Model 1 Model 2
A 1.3824-10'" | 1.9164-10"3 | 2.7583-10"
Bi —5.9236 —4.6222 —6.6559
B 4392.5 1037.8 N/A
B3 —0.4939 —0.4341 N/A
Ba —0.0305 —0.0087 —0.0076
Bs 1.2114 1.0371 —0.6557

Chip solder  joint | Thermal fluctuations
Wear-out failures Parameter drift | cracking
Baseplate solder joints | Thermal fluctuations
cracking
Wire bonds lift- | Thermal fluctuations
off/cracking
Table A.2: LESIT parameters [7]
A o E.(J) ks (//K)
3.025-10° | —5.039 | 9.890-10-% | 1.380-10~%
Table A.3: CIPS parameters [8]
A B p> B3 P4 Bs Be
9.3-10" | —4.416 | 1285 | —0.463 | —0.716 | —0.761 | —0.5



Appendix B

B.1 Voltage clamping circuits

B.1.1 RC snubber
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Figure B.1: Simulation results of SSCB voltage and current with an RC-snubber type voltage clamping

circuit - variable resistance
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Figure B.2: Simulation results of SSCB voltage and current with an RC-snubber type voltage clamping

circuit - variable capacitance



B.1.2 RCD snubber
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Figure B.3: Simulation results of SSCB voltage and current with an RCD-snubber type voltage clamping

circuit - variable resistance
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Figure B.4: Simulation results of SSCB voltage and current with an RCD-snubber type voltage clamping

circuit - variable capacitance
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B.2 Power loss

COLLECTOR-EMITTER SATURATION VOLTAGE
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CHARACTERISTICS (TYPICAL)
2400 ‘ — o
= 7 i
Ve = 15V /// 2400 . (: p)
TJ=15£‘ /’,’I 1 [ P T=T 03 e -
2000 77 =i
/7 2000 F———1— — i o
T,=125°C K,/ i
— 1600 isc] i -
= '/ = 1600 [r=mse s
% Tj=25°C 4y = e e i B e f
S 1200 ’ 5 1200 7
E ///I - I ',’ /4
° /l,' @ i
© 800 ” £ 800 e
/ a "
7 Z
400 ,/ 400 r/
/ s
) 0 =
0 0 ; 5 5 . 0 1 2 3 4
Collector-Emitter Saturation Voltage [V] Forward Voltage [V]
(a) V-I curve of CM1200HC-66X IGBT [40] (b) V-I curve of RM1200DC-66X diode [41]

Figure B.5: V-I curves of the selected IGBT and diodes
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Appendix C

C.1 Rainflow counting algorithm

Set Z as the first

Reliability model

<«—(_ Start

reversal point

Read next
reversal point
¢ Yes
Out of data? ——>
¢ No

Yes
— <3 reversals?

¢ No
Form X and Y using
latest three non-
discarded reversal

Count each remaining
range as a half cycle

points.
Yes ¢
L 1(X) <r(Y)?
¢ No 1. Count Y as half cycle
Y includes 77 Yes 2. Disc.:ard first point of Y
3. Shift Z to the second
v No reversal point of Y
1. CountY as one full
cycle
2. Discard both points
of Y

Figure C.1: Counting algorithm for the rainflow counting method in MATLAB as described by Math-

works [6]
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C.2 Lifetime model validation

Lifetime vs temperature swing - constant Tmean Lifetime vs temperature swing - constant Tmax
107 - - - - 107 - - ' -
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20 40 60 80 100 120 140 20 40 60 80 100 120 140
Temperature swing ATJ. (°C) Temperature swing ATJ. (°C)
(a) LESIT output with a constant Tieay of 80°C [7] (b) CIPS output with Tihax = 150°C, fon = 1.55,
[31]. Vetass = 12V, I =10A, D = 400 wm [8].

Figure C.2: Output of the lifetime models in MATLAB with the lifetime parameters given from their
related papers.

C.3 Beta values distribution
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Figure C.3: Beta values following normal distribution with a standard deviation ¢ of %
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Appendix D

Noise model

D.1 Power loss - effect of junction temperature

Diode: Effect of Tj on power loss
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Figure D.1: Zoomed in plot of power loss in the diode as a consequence of difference in junction tem-
perature.
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D.2 Impact frequency on A7j - Charging

IGBT temperature swings - Charging

10
——10A
S ———25A
S 100 50A
%1) — 100A
£ ———200A
3
w2
10t ;
2
<
—
(5]
o
5102k 1
F
107 .
10! 10 10° 10

Noise frequency (Hz)

(a) IGBT temperature swings as a function of noise
frequency.

Diode temperature swings - Charging
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(b) Diode temperature swings as a function of noise
frequency.

Figure D.2: Component junction temperature swings as a function of noise frequency during the charging
period for noise current amplitudes of 10 A, 25 A, 50 A, 100 A, 200 A.

D.3 Impact frequency on A7j - Sailing

IGBT temperature swings - Sailing
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(a) IGBT temperature swings as a function of noise
frequency.

Diode temperature swings - Sailing
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(b) Diode temperature swings as a function of noise
frequency.

Figure D.3: Component junction temperature swings as a function of noise frequency during the sailing
period for noise current amplitudes of 10 A, 25 A, 50 A, 100 A, 200 A.
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