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Abstract

With the increasing utilization of Modular Multilevel Converters (MMCs)
in many applications, such as High-Voltage Direct Current (HVDC) trans-
missions, medium-voltage machine drives, electric ship, etc., the reliability
performance of MMCs has attracted attention. In recent years, researchers
have done much work to improve the reliability of MMCs. However, how to
size the major devices/components of the MMC with compromised costs and
design margins, while at the same time to fulfill a specific reliability target
is still an open question. To cope with the challenge, a systematic reliability
evaluation is a prerequisite. Accordingly, this Ph.D. project firstly studies the
system-level power loss model for all major components in MMCs. Then, the
electro-thermal modeling of the MMC is investigated. Based on these two
models, a mission profile-based lifetime prediction method is proposed for
the MMC system. The outcomes serve as a first step for developing realistic
reliability analysis and model-based design methods for full-scale MMCs in
practical applications.

For a quantitative reliability evaluation of an MMC, a systematic power
loss model is studied at first. All major components, including IGBT mod-
ules, capacitors, inductors, and bleeding resistors, are covered in the model.
The proposed analytical model is computationally efficient, relies on a lim-
ited amount of information (i.e., active and reactive power information), and
considers the impact of transformer leakage inductance. Moreover, device
parameters are measured experimentally. The parameter tolerances are also
considered in the process.

Moreover, the electro-thermal modeling of the MMC is investigated. The
thermal profiles of the MMC are classified into periodic and non-periodic
profiles. Based on a frequency-domain analysis, different thermal model-
ing requirements are clarified in terms of the two different thermal profiles.
Following, an equivalent thermal profile is firstly proposed to estimate the
periodic thermal profiles of the MMC. The proposed method can model the
inherent thermal unbalance of the MMC which does not require the aid of
time-domain simulations. A quantitative error model is proposed to further
simplify the equivalent thermal profile. A computational-efficient thermal
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estimation can be achieved within a maximum allowable error. Furthermore,
when it comes to the non-periodic thermal profiles, a system-level thermal
model is proposed, which has two aspects: the junction/hotspot-to-local am-
bient thermal model, and local ambient-to-global ambient thermal model.
The first aspect considers the Thermal Cross-Coupling (TCC) effects among
the components. The second aspect models the TCC effects among differ-
ent subsystems. The layout, cooling systems, cabinet materials are all com-
prehensively considered in the process. In addition, the thermal model of
Thermal Interface Materials (TIMs) are also investigated comprehensively.

Finally, a mission profile-based lifetime prediction is performed from com-
ponents to the MMC system. The justification of different mission profile res-
olution is investigated firstly. In addition, different lifetime model selections
are also studied comparatively. Furthermore, a systematic methodology to
perform reliability analysis from system-level modeling to component-level
modeling, and then back to the system-level is demonstrated at last. It in-
cludes long-term mission profiles, lifetime modeling, Monte Carlo analysis,
and redundancy analysis. The outcomes serve as a step for developing realis-
tic reliability analysis and model-based design methods for full-scale MMCs
in practical applications.

All the research developments have been verified by simulations and ex-
periments. The contributions have been presented in 5 journal and several
conference papers.



Resumé

Med den stigende udnyttelse af moduleere multi level omformere (Mmc’er)
i mange applikationer, sdsom hejspeendings jeevnstrom (HVDC) transmis-
sioner, medium-speending maskine drev, elektrisk skib, etc., pélidelighed
ydeevne af MMCs har tiltrukket Opmerksomhed. I de seneste ar har forskerne
gjort meget arbejde for at forbedre palideligheden af MMCs. Men hvor-
dan man sterrelse de store enheder/komponenter i MMC med kompro-
mitterede omkostninger og design margener, mens pa samme tid til at op-
fylde et specifikt palideligheds malet er stadig et abent spergsmal. For at
klare udfordringen er en systematisk vurdering af palidelighed en forud-
setning. Derfor, denne Ph.D. projekt for det forste undersegelser system-
niveau strem tab model for alle storre komponenter i MMCs. Derefter un-
dersoges den elektrotermiske modellering af MMC. Baseret pa disse to mod-
eller, en mission profil-baseret levetid forudsigelse metode er foresldet for
hele MMC-systemet. Resultaterne tjener som et forste skridt til at udvikle
realistiske palideligheds analyser og modelbaserede design metoder til fuld
skala-Mmc’er i praktiske anvendelser.

For en kvantitativ palidelighed evaluering af en MMC, en systematisk
strom tab model er undersogt i forste. Alle storre komponenter, herunder
IGBT-moduler, kondensatorer, Induktionsspoler og blednings modstande, er
deekket af modellen. Den foresldede analytiske model er beregningsmeessigt
effektiv, afheengig af en lille meengde information (dvs. aktiv og reaktiv ef-
fekt information), og betragter virkningen af transformator leekage induktion.
Desuden males enhedens parametre eksperimentelt. De ujeevne parametre
tages ogsa i betragtning i processen.

Desuden er den elektro-termiske modellering af MMC undersggt. De ter-
miske profiler af MMC er klassificeret i periodiske og ikke-periodiske profiler.
Baseret pa en frekvens-domeene analyse, er forskellige termiske modellering
krav preeciseret for de to forskellige termiske profiler. Efterfolgende foreslds
en tilsvarende termisk profil for at estimere de periodiske termiske profiler
af MMC. Den foresldede metode kan modellere den iboende termiske ubal-
ance i MMC, som ikke kraever hjeelp af tids-domaeene simuleringer. Desuden
foreslds en kvantitativ fejl model for yderligere at forenkle den tilsvarende



termiske profil. En beregnings effektiv termisk vurdering kan opnds inden
for en maksimal tilladt fejl. Nar det kommer til den ikke-periodiske termiske
profiler, en system-niveau termisk model er foresldet, som har to aspekter:
Junction/hotspot-til-lokale omgivende termisk model, og lokale omgivende-
til-globale omgivende termisk model. Det forste aspekt betragter de termiske
Cross-kobling (TCC) effekter blandt komponenterne. Det andet aspekt mod-
ellerer TCC-effekterne blandt forskellige delsystemer. Layoutet, kolesyste-
mer, kabinet materialer er alle grundigt overvejet i processen. Desuden er
den termiske model af termisk interface materialer (TIMs) ogsd undersogt.

Endelig udferes en mission Profile-baseret livstids forudsigelse fra kom-
ponenter til MMC-systemet. Begrundelsen for forskellige missions profil
modeller undersoges forst, hvilket tjener til at kvantificere dens indvirkning
pa livstids forudsigelse. Desuden er forskellige livstids modelvalg ogsa un-
dersogt forholdsvis. Endvidere, en systematisk metode til at udfere palide-
ligheds analyse fra system-niveau modellering til komponent-niveau Mod-
eling, og derefter tilbage til systemet-niveau er demonstreret omsider. Det
omfatter langsigtede missions profiler, Lifetime modellering, Monte Carlo
analyse og redundans analyse. Resultaterne tjener som et skridt til at ud-
vikle realistiske palideligheds analyser og modelbaserede design metoder til
fuld skala-Mmc’er i praktiske anvendelser.

Alle forsknings udviklinger er blevet verificeret af simuleringer og eksper-
imenter. Bidragene er blevet preaesenteret i 5 tidsskrifter og flere konferenceo-

pleeg.
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Chapter 1

Introduction

1.1 Background

Modular Multilevel Converters (MMCs) were proposed in 2003 [1] and
first used commercially in the Trans Bay Cable project in San Francisco [2].
This topology has been becoming one of the most common types of Voltage-
Source-Converter High Voltage Direct Current (VSC-HVDC) transmission
systems. Compared to the conventional two- and three-level VSCs, the MMC
offers many advantages, such as modularity, scalability, negligible ripple con-
tent in outputs, largely reduced switching frequency, improved efficiency,
etc [2-5]. Due to these merits, the power ratings of MMCs have been up to
2 GW and with voltage ratings of up to 400 kV as listed in Table 1.1, and even
higher ratings are technically feasible. Additionally, many medium-voltage
applications also adopt the topology, such as machine drives [6, 7], DC elec-
tric ship [8], etc.

The MMC has merits of modularity and redundancy, which enhance its
reliability and fault-tolerant capability. However, the applications of MMCs
still face severe reliability challenges. First, the MMC is a large-scale and
complex system. As shown in Fig. 1.1, hundreds or thousands of individ-
ual components, including Insulated-Gate Bipolar Transistors (IGBTs), capac-
itors, and inductors, must operate properly. For instance, the first commer-
cial MMC-HVDC project-Trans Bay Cable project adopts more than 2,000
IGBT modules and over 1,000 capacitor banks [10]. However, both IGBTs and
capacitors are reliability-critical components, which contribute to over 50%
failures in power electronic systems [11, 12]. Any unexpected failures in the
single device might lead to the shut-down of the whole system and lower the
availability. Besides, the application/environmental conditions of the MMC
are much more severe than the conventional power electronic applications.
For example, in the case of an offshore wind energy collection system based



Table 1.1: Selected MMC-based Projects around the World [9]

Project Capacity (MW)  DC-link Voltage (kV)  Supplier
Offshore wind-power plant (OWPP) connection project
Borwin Beta 800 =+ 300 SIEMENS
Borwin Gamma 900 =+ 320 SIEMENS
Dolwin Alpha 800 + 320 ABB
Dolwin Alpha 916 + 320 ABB
Dolwin Gamma 900 =+ 320 GE
Helwin Alpha 576 + 250 SIEMENS
Helwin Beta 690 =+ 320 SIEMENS
Sylwin Alpha 864 + 320 SIEMENS
Power grid Interconnection
Trans Bay Cable 400 =+ 200 SIEMENS
INELFE 2000 + 320 SIEMENS
NordBalt 700 =+ 300 ABB
Skaggerrak 4 700 500 ABB
SydVastlanken 2x600 =+ 300 GE
COBRACcable 700 + 320 SIEMENS
Nemo Link 1000 + 400 SIEMENS

[dﬁ : 1 Sl" Dl :
> 1O 5 <3, |
T HB-SM
DC
Use =g
POWER d Grid

Fig. 1.1: Circuit Configuration of a typical modular multilevel converter [J1].

on the MMC [13, 14], temperature variations, humidity, and salinity acceler-
ate the degradation of the devices and the entire system. Any failures in the
offshore MMC platform usually lead to enormous economic costs, and fur-
ther maintenance is also time-consuming and costly. From this perspective,
reliability is of great importance to the design and operation of the MMC.

In the previous studies, many solutions have been proposed to improve
the reliable performance of the MMC, such as redundancy [15], fault-tolerant
control [16], and sizing components with excessive design margins (e.g., size
components with larger Safe Operating Areas (SOA), selecting more massive
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Fig. 1.2: Flowchart of the mission profile based lifetime prediction method for an MMC in a
wind power generation application (This Ph.D. project discusses mainly the mission profile,
power loss model, thermal model, and system wear-out reliability as indicated with blue color
in the figure).

heatsinks, etc.). However, the design constraints in cost and efficiency im-
pose significant challenges on the excessive utilization of redundancies and
design margins. As a result, the industry increasingly demands a methodol-
ogy to design an MMC with compromised costs and design margins, while
fulfilling a specific reliability target [J1]. To achieve the target, a systematic
understanding of the failure mechanisms of the MMC is a prerequisite, which
involves the understanding of operational environments, loading conditions,
key design variables, component sizing, system layout, etc.
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Lifetime prediction is one of the important tools to evaluate the reliability
performance of MMCs, which in return has attracted wide attention [17-19].
However, most of these reliability evaluations are based on the component-
level reliability information provided in the Military-Handbook-217F [20].
The reliability data in the handbook is collected from the large-population of
failed products based on the component level. Although the accelerated fac-
tors under different stresses (e.g., temperatures, voltages, etc.) are considered
in [19], the failure rate data still do not differentiate the loading conditions,
technologies, and manufacturers. Moreover, the wear-out of devices is not
considered. From the design perspective, the wear-out failures of compo-
nents need to be avoided or limited to a certain level. Otherwise, exponential
failure issues might occur during the warranty period due to component
degradation. Thus, a constant failure rate method is limited to provide evi-
dence to uncover the root cause of failures or to provide design insights for
reliability improvement.

Mission profile based lifetime prediction is an application-dependent ap-
proach to predict the reliability of power electronic components and/or sys-
tems [21], as shown in Fig. 1.2. In this method, mission profiles (i.e., the
operating conditions and environments) of a system are converted into loss
profiles, thermal profiles, and finally being able to obtain the quantified re-
liability metrics [J1]. The corresponding estimated reliability performance
is closely correlated with its loading conditions and applied environments,
making it possible to locate the failure roots more accurately and to achieve
a specific reliability specification in the design stage. Although the method
has been presented to consider the component-level reliability of MMCs in
[22] and [23]. However, considering the numerous components, Sub-Modules
(SMs), and complicated redundancies, it is still challenging to apply the same
method to do the system-level reliability of a complete MMC system.

1.2 Power Losses of Critical Components in MMCs

Power loss models are one of the essential parts of the mission profile-
based lifetime prediction. As shown in Fig. 1.2, power losses significantly
determine the component junction temperatures or hotspot temperatures.
These temperatures are regarded as critical stresses to component reliability
in power electronics [11]. As a result, the accuracy of the power loss estima-
tion is significantly correlated to the predicted lifetime. For the MMC with
many SMs, the power loss model is challenging to consider a large number
of components, the complicated structure, various modulation and control
strategies, etc. Thus, a widely accepted method for power loss evaluation
of the MMC is numerical simulation [24]. Some simplified simulation meth-
ods are also proposed to improve the computational efficiency with a com-
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Fig. 1.3: Typical thermal profiles with multiple frequencies in power electronic converters [C5].

promised accuracy [25]. Simulation-based solutions have the merits of con-
sidering sophisticated degrees of freedom in terms of control strategies and
modulation algorithms in the MMC. However, the reliability evaluation usu-
ally requires to compare the performance of different design schemes, such
as various device selection, different number of SMs, switching frequencies,
etc. Different cases require to modify the corresponding simulation parame-
ters, which results in that the simulation-based solution is not preferable for
reliability evaluation.

Analytical power loss models have advantages of being computationally
efficient and easy to change parameters [26-32]. Based on a specific modu-
lation scheme, reference [26] establishes the power loss model for the power
semiconductor devices. Afterwards, many analytical models consider more
variables, such as inserted probabilities of SMs [27], different circuit topolo-
gies [28], variable switching frequencies based the Nearest-Level Modulation
(NLM) [29], junction temperatures [30], grid integration [31], the use of SiC
devices [32], etc. However, all the above-mentioned studies focus on the
power semiconductor devices only. The power losses of capacitors, induc-
tors, and bleeding resistors (in parallel of capacitors) are rarely discussed,
and this is important for complete system analysis.

1.3 Electro-Thermal Modeling of the MMC

Temperatures are one of the most significant stressors for many power
electronic devices [11, 12]. Electro-thermal analysis, thus, is critical to per-
form reliability analysis. As shown in Fig. 1.3, thermal profiles for power



semiconductor devices have two classifications:

e Periodic profiles: temperature fluctuations are induced by periodic power
loss profiles (i.e., power losses related to fundamental-frequency cur-
rents), which cover four different frequency ranges: 1) low frequencies
are from 0.1 Hz to 50/60 Hz, typically as low-speed variable frequency
drives [33]; 2) line frequencies (e.g., utilities); 3) medium frequencies
range from 50/60 Hz to around 300 Hz, typically as high-speed ma-
chine drives and 4) switching frequencies are mostly larger than 1 kHz

[2].

e Non-periodic profiles: thermal swings are caused by long-term envi-
ronmental variations, e.g., ambient temperatures, wind speed profiles
[34], solar irradiation [35], working loads [36], etc. The time scale is
typically varied from seconds to minutes [J2];

In the-state-of-the-art, thermal estimation of IGBT modules in MMCs has
been reported in [22, 37-40]. However, the systematic thermal behaviors of
the MMC from the above two classifications still have not attracted sufficient
discussions and need more analysis.

1.3.1 Electro-thermal Modeling of the Periodic Profiles

The periodic thermal profiles are mainly related to fundamental-frequency
currents. Although the thermal amplitudes at the periodic profiles are usu-
ally small compared to the non-periodic profiles, the number of the peri-
odic thermal cycles are extremely large [41]. According to [34] and [41], the
enormous thermal cycles with minor amplitudes accumulate non-neglected
fatigues in the devices. Meanwhile, reference [42] also experimentally veri-
fies that a large amount of small thermal cycles accelerate the device aging.
However, the impacts of periodic thermal stresses are commonly neglected in
previous reliability evaluations of the MMC [22]. Also, a proper estimation of
the periodic thermal fluctuations is of importance for the cooling system de-
signs. Especially for the variable-frequency applications [43], the peak junc-
tion temperature in these applications might exceed up to 3 or more times
than the temperatures under 50/60-Hz conditions. It further highlights the
importance of electro-thermal modeling from the perspective of the periodic
profiles.

One of the challenges to estimate periodic thermal profiles of the MMC is
the inherent thermal unbalance existing within an SM of the MMC. Due to the
device currents of the MMC contain an inherent DC-bias component [44], the
IGBTs and the diodes are conducting over or fewer of 50% in a fundamental-
current cycle. For instance, reference [22] reveals that the downside IGBT
chip is always hotter than the upside IGBT in a half-bridge SM. Moreover,



the inherently unbalanced thermal behaviors are not constant, which are var-
ied with the operational conditions. These characteristics lead to a more
complicated electro-thermal modeling for the periodic profiles.

Secondly, the computational burden of thermal estimation is also a chal-
lenge in electro-thermal modeling of the periodic profiles. The lifetime pre-
diction process of the MMC is usually based on long-term mission profiles, in
which a large amount of periodic power loss profiles are necessary to be con-
verted into thermal profiles. The multi-physics simulation tools, such as the
Finite Element Method (FEM) and electro-thermal simulations (e.g., PLECS),
provide comprehensive thermal results. However, these advanced methods
require complicated geometrical structures, material information, and con-
trol/modulation strategies. Massive computations are thus involved. Apart
from the simulation methods, analytical modeling methods are more promis-
ing from the perspective of long-term reliability evaluation. A straightfor-
ward analytical method is to apply the convolution calculation of thermal
models and instantaneous power loss profiles [45]. Nonetheless, neither the
convolution algorithm nor the instantaneous power losses are easy to be com-
puted. Following, some computationally efficient thermal estimation meth-
ods are also developed for two-level converters, such as the square wave pro-
file [46], the fixed half-sine profile [47], and the two-level profile [34]. How-
ever, all the above methods are discussed based on the conventional two-level
converters. The feasibility of these methods for MMCs has not been fully re-
vealed yet.

On the other hand, when the prior-art simplified thermal models are pro-
posed to improve the computational efficiency, another challenge that comes
with is the error level. For example, the square-wave profile [46] has advan-
tages of simplicity to a large extent but degrades its accuracy. In order to
improve the accuracy of the estimated temperature, the fixed half-sine pro-
file is recommended by [47]. The fixed half-sine loss profile is divided into
a series of power dissipation pulses at first. More accurate power loss pro-
files can be developed, which in return provides a good approximation of
the junction temperature. However, this method costs more computational
burden. Under certain conditions, a two-level profile is a good trade-off ap-
proximation of the half-sine profile [34]. However, all methods above have
not quantified the error level under different conditions or different device
selections. Therefore, a more generic simplification method is necessary for
the electro-thermal modeling of the periodic profiles.

1.3.2 Electro-thermal Modeling of the Non-periodic Profiles

Unlike the periodic profile with the time scale of around micro-seconds,
non-periodic profiles typically have larger time scales (i.e., several seconds
to minutes). Moreover, the corresponding thermal amplitudes of the non-



periodic profiles are remarkably larger than that of the periodic profiles. As a
result, thermal estimations regarding non-periodic profiles are of importance
for the cooling system design/management and reliability analysis of the
MMC. Due to the difference in thermal behaviors under different time scales,
the non-periodic profiles suffer from distinct challenges as follows.

Firstly, as the time scale increases, Thermal Cross-Coupling (TCC) effects
significantly affect the thermal behaviors of devices. References [22, 37—
40] have studied the thermal behaviors of IGBT modules in MMC system:s,
but they typically use One-Dimensional (1-D) RC lumped thermal networks
(e.g., Foster and Cauer networks [46, 48]). Manufacturers normally pro-
vide the 1-D thermal networks in the datasheet. However, the 1-D networks
neglect the TCC effects among devices. TCC effects occur when multiple
chips/devices exist with the same package and even if different power mod-
ules are mounted on the same heatsink. Moreover, considering the increasing
demands in higher power density and smaller parasitics, more compact pack-
aging with multi-chips is used commonly in power electronic systems. This
means that the TCC effects between devices are more significant. The TCC
effects have attracted increasing discussions in many power electronic appli-
cations, such as motor drives, PV inverters [35, 49], etc. The MMC application
has rarely been discussed regarding the TCC effects among devices.

Secondly, the thermal behaviors of devices are not only affected by the
power dissipations, but also the environmental temperatures. In the conven-
tional power electronic applications (volume < 1 m?), such as motor drives,
PV inverters [35, 49], etc., all the devices assume to have the same envi-
ronmental thermal stresses. The further simplifications ignore the impacts
of cabinets and cooling systems [22], assuming the environmental thermal
stresses of devices straightforwardly equal to the ambient temperature out-
side of the cabinet. These assumptions might be reasonable for certain types
of systems. However, the complexity-level and the overall size of the MMC
are far more beyond the scope of those converters that have been studied.
Different SMs exposing under homogeneous environmental stress are ques-
tionable. These challenges require a further study of the electro-thermal mod-
eling of the non-periodic profiles in MMCs.

1.3.3 Thermal Interface Materials of IGBT Modules

With increasing requirements of power density and extended lifetime ex-
pectation in many power electronics applications, the power semiconductor
manufacturers consistently endeavor to increase the current-carrying capabil-
ity of power devices with smaller packaging. Power semiconductor devices
are expected to resist more power dissipations, higher temperature limita-
tions, etc. Simultaneously, system integration designers pursue to reduce the
volume of power converters. The commonly applied solutions include reduc-
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Fig. 1.5: An overview of thermal resistance share in a specific IGBT module, data from [46] (TIM:
thermal interface material, DBC: direct bonded copper, which consists of a ceramic layer and two
copper layers) [C3].

ing the margin of cooling systems and using a more compact heatsink. This
conflict trend results in increasingly higher demands on the Thermal Inter-
face Materials (TIMs), which is usually applied between the power semicon-
ductor devices and heatsinks.

As shown in Fig. 1.4, a typical power electronic system contains a power
module, TIMs, and a cooling system. According to [46], the thermal-resistance
contribution of the TIM can be up to 50% from the junction to the heatsink.
An inappropriate TIM design usually accelerates the degradation of the power
semiconductor device itself. However, the thermal model of the TIM has not
attracted much attention in power electronics. Reference [22] has discussed
the thermal model of IGBT modules in an MMC system. The thermal re-
sistance of the TIM has been not clarified. Beyond the MMC applications,
other study cases often commonly assume the thermal resistance of TIM as a
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constant value by a recommendation in the datasheet [34, 36, 50]. Since TIM
has a significant contribution to the overall thermal resistance, the prior-art
simplified thermal modeling of the TIM might lead to misleading the thermal
stresses. The corresponding lifetime prediction results in return are lack of
confidence. Therefore, from the perspective of reliability, the impact of TIM
still needs further investigation.

Apart from the impact of TIMs on the lifetime of power devices, the
thermal-model characterization of the TIM has also attracted increasing at-
tention. The standard ASTM D5470 [51] provides dedicated guidelines for
thermal resistance characterization of the TIM. However, the testing condi-
tions of the standard is developed from microelectronic applications, where
idealized flat and minimum-roughness measuring surface (< 0.4 ym) are re-
quired. When it comes to power electronic applications, the baseplates of
power module packaging are usually pre-bended, in order to handle a larger
thermal expansion under high power dissipations. Moreover, the commonly
applied milled heatsinks (roughness is around 10-15 ym) are also different
from microelectronic applications. These differences raise a question if the
standard established from microelectronics can be extended to power elec-
tronics simply. Based on the measurements of device junction temperatures
in power electronic applications, reference [52] has uncovered that the corre-
lation between the actual thermal resistance and TIM datasheet value mea-
sured by the standard is limited. In order to further understand the differ-
ence from the physical mechanism, several physical models are proposed in
[53, 54] to model the different surface conditions for TIMs. However, physical
models are difficult to be applied in engineering design, since these models
are complicated and require many inputs of mechanical, thermal, material
parameters, etc. Therefore, how to develop a simple characterization model
for TIMs while considering the realistic conditions of power electronic appli-
cations is significant.

1.4 Lifetime Prediction for Components and Sys-
tems

1.4.1 Impacts of Mission Profiles and Lifetime Models on
Component-level Reliability

As shown in Fig. 1.2, the lifetime prediction of a component relies on
mission profiles and lifetime model selections. Thus, the justification of a
specific mission profile or lifetime model should be discussed at first.

The mission profile is the starting point for the lifetime prediction. The
consideration of the mission profile is not only an essential part of the product
development process but also forms the basis for the specification of prod-
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uct requirements. However, many industrial fields are still lack of a widely
accepted requirement for mission profiles. In reference [22], IGBT modules
of the MMC system are analyzed by the mission profile based lifetime pre-
diction method, but the justification of mission profiles with a resolution of 1
hour/data is not fully discussed. Beyond the MMC applications, the impact
of the mission profile on the predicted lifetime has not been received much
attention as well, such as Wind Turbine Systems (WTS) [34], Photo-Voltaic
(PV) inverters [35]. In light of the above, a comprehensive investigation of
the mission profile is significant.

In the second aspect, the selection of lifetime models also affects the pre-
dicted results. For power semiconductor devices, lifetime models are typ-
ically expressed as a specific number of temperature cycles. The lifetime
of power semiconductor devices involves multi-physical domains. To some
extent, the predicted lifetime is usually affected by different lifetime model
selections. In the existing lifetime models of the power semiconductor de-
vices, Coffin Manson model is widely accepted [55], which considers the
amplitudes of temperature swings only. Based on the Coffin Manson model,
more comprehensive parameters are involved, such as elastic strains of de-
vices materials ATy [56], average or mean temperatures Tr, [46], minimum or
maximum temperatures Tinin Or Tmax [57], power-on time fon [58], etc. Con-
sidering the limitations and effective boundary for different lifetime models,
it is inevitable to raise a question on which lifetime model should be used
in a specific application. In the lifetime prediction of the MMC system, the
adoption of the specific lifetime model is rarely discussed either. Therefore,
the impact of lifetime model selection still remains unclear.

1.4.2 System-level Reliability Prediction

The system-level reliability prediction is significant to achieve a specific
reliability target while limiting the cost. Simultaneously, this methodology is
valuable for economic analysis. The previous studies [17-19] have many dis-
cussions on the system-level reliability of the MMC. However, many of these
methods are based on constant-failure-rate models provided in the Military-
Handbook-217F [20]. The constant failure rates consider the large-population
statistics of random failures. For the MMC with a small amount of commis-
sioned projects, the statistical random failures are obviously limited. More-
over, the wear-out failures are not considered. Physics-of-Failure (PoF) meth-
ods consider the failure mechanism of components, which has been applied
to the component-level reliability of MMCs in [22] and [23]. Since the MMC
has numerous components, SMs, and complicated redundant schemes, the
PoF method is still challenging to achieve the system-level reliability predic-
tion of the MMC.

Some studies have investigated the system-level reliability via PoF meth-
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ods for other kinds of converters, such as a DC/DC converter [36] and a PV
micro-inverter [35]. When it comes to the MMC, both the electric ratings and
footprint are far beyond the scope of the conventional power electronic sys-
tems. Moreover, the redundancies of the MMC are also out of the scope of
previous studies. As a result, it is limited to directly extend those previous
studies to the MMC application.

1.5 Research Questions and Objectives

With the above motivations, the main research question is "how to estab-
lish a mission profile based system-level reliability prediction methodology
for MMCs?" It includes the multi-disciplinary understanding of the MMC,
e.g., electrics, thermal, materials, layouts, etc., which cover the following re-
search sub-questions:

e How to evaluate the power losses of all major components of the MMC
for reliability evaluation?

e How to estimate the thermal behaviors across multi-time scales in reli-
ability prediction?

e How to predict the lifetime of the MMC with numerous SMs and com-
plicated redundancies?

Motivated by the above issues, this Ph.D. project investigates a method-
ology to evaluate the system-level reliability of the MMC. The objectives can
be summarized as follows:

o To establish a system-level power loss model for the MMC: it requires
to consider all major components, including power semiconductor de-
vices, capacitors, inductors, and bleeding resistors. In order to achieve a
long-term reliability prediction, the established power loss model also
requires being computationally efficient, friendly to change parame-
ters, and considering the leakage inductance of the transmission trans-
former.

o To establish comprehensive electro-thermal modelings to consider a
multi-time scale thermal behaviors in the MMC system: based on
different frequency responses of thermal profiles, the comprehensive
electro-thermal modelings are required to be computationally efficient,
having a quantitative error, considering the TCC effects among different
components, subsystems, etc. Moreover, the impact of TIM is necessary
to be discussed in the modeling.

14



Table 1.2: The related publications for each chapter.

Chapter No.  Contents Relevant Publications
2 Power loss model Co,]J1
Thermal model of periodic profiles C4,71,72,]13
3 Thermal model of non-periodic profiles C5, J4
Thermal interface materials C3,]5
4 Mission profiles and lifetime models C1,C2
System-level reliability assessment J4

e To conduct system-level lifetime prediction of the MMC: as men-
tioned above, the lifetime prediction of the MMC involves cross-disciplinary
knowledge. The justification of a specific mission profile modeling and
a lifetime model is necessary to be investigated at first. Moreover, con-
sidering the numerous components, SMs, and redundancies, the Ph.D.
project is also aimed to conduct a mission profile-based lifetime predic-
tion method from components to the whole system.

1.6 Thesis Outline

The outcome of this project is documented by a Ph.D. thesis, which in-
cludes two parts: a report and related publications.

Chapter 1 introduces the backgrounds and challenges of the study. A
system-level power loss model of the MMC is depicted in Chapter 2. Electro-
thermal modeling of the MMC is introduced in Chapter 3, including periodic
profiles, non-periodic profiles, and TIMs. The comparative investigations of
mission profiles and lifetime models are discussed in Chapter 4. A method-
ology of system-level lifetime prediction is also discussed at the same time.
The summary and outlook are remarked at last. All discussions are carried
out with simulations on a full-scale 30-MW MMC system. Additionally, ex-
perimental tests on a 15-kVA MMC prototype are also provided.

To depict the contributions for each chapter, the relationship between the
chapters of the Ph.D. thesis and the publications are shown in Table. 1.2.

1.7 List of Publications

The research outcomes through the Ph.D. study are listed below, includ-
ing journal papers and conference publications.

Journal Papers

J1. Y. Zhang, H. Wang, Z. Wang, Y. Yang, and F. Blaabjerg, “Simplified thermal
modeling for IGBT modules with periodic power loss profiles in modular mul-
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2019.
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Chapter 2

System Configuration and
Power Loss Evaluation for

MMCs

2.1 Abstract

A system-level power loss evaluation is a prerequisite for the reliability assess-
ment of the MMC system. The prior-art studies have many discussions on the power
losses of the MMC, such as numerical simulations [24, 25], analytical power loss mod-
els [26-32]. However, most of them focus on the power semiconductor devices only.
Capacitors, inductors, and bleeding resistors (in parallel of capacitors), which con-
tribute to non-negligible power losses, do not have been paid much attention. In this
chapter, the analytical modeling of an MMC is introduced. Moreover, from the per-
spective of system-level reliability analysis, a power loss model is established. This
model involves the critical components in the MMC, which is computationally effi-
cient and requires system-level specifications only. A 15 kVA experimental prototype
validates the effectiveness of the proposed model.

2.2 Analytical Modeling of an MMC

Fig. 2.1 shows an MMC interfacing to the grid through a transformer. Lt is the
leakage inductance of the transformer, and L is the arm inductor. The leakage in-
ductance of a transmission transformer is typical 0.14 p.u. [59, 60] given the man-
ufacturing cost. The exclusive of the reactive power consumption from the leakage
inductance may lead to underestimated device stresses. Therefore, all the discussions
should be based on active/reactive power at the Point of Common Coupling (PCC),
where the impact of leakage inductance is considered.

The grid voltage at the PCC is used as the reference. Then, the grid voltage and
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Fig. 2.1: The circuit diagram of an MMC interfaced to an AC system through a transformer [C6].

the line-to-line AC voltage of the converter can be expressed as
Us = U £0°, Ue = U.£6 (2.1)

where Us and U, are amplitudes of the grid and the converter voltages, and 0 is the
power angle, defining the angle between U, and Us.

The phase inductance is a combination of the transformer leakage and the arm
inductors, which is

Leq =Lt + Lg/2 (2.2)
The modulation index is defined as
U
— —cph 2.3)
Uge/2

where Hc_ph is the amplitude of the converter phase voltage, Uy is the DC bus volt-
age. The Root-Mean-Square (RMS) line-to-line voltage of the converter is expressed

as f
3.
Ue = 2 U on 2.4)

V2
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Fig. 2.2: The operation vector diagram of the MMC system shown in Fig. 2.1.

According to [59], the active and reactive power at the PCC is given by

UgUc sind
p, = —s=esmne
Xeq 25)
Us (Uc cos 8 — Us) ’
Qs =  Xeq
eq

where Xeq is the impedance of the phase reactance Leq. Once an AC voltage gain is
defined as

Ue
A= . (2.6)
Then, (2.5) can be rewritten as
p, — USZ;\( siné
e 2.7)
U2 (Acosd—1)
Qs = X—eq

Solving (2.7), the power angle § and the AC voltage gain A are expressed as

Ps X,
0 = arctan 257“1
Us + QsXeq

(2.8)
U2 cos s
Correspondingly, the modulation index is rewritten as
C2V2AUs 22 (QsXeq + UZ) 29)

V3 Uge V3Ug Us cos &

in which the modulation index is not changed freely. Conversely, the grid parameters
(e.g., reactive power, grid voltage, etc.) determine the range of the modulation index.
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Similarly, the power factor, RMS value of the AC and DC currents are expressed

as

PF = cos ¢ =

Py
L (2.10)
VP2+Q3
I. = 7VPSZ+Q§ (2.11)
T VBU
Iy = jj (2.12)
C

Therefore, the phase voltage of the converter and AC current are expressed ac-

cording to Fig. 2.2, which are

Uc ph (t)=m >

is (1) =

udc

sin (wt) (2.13)

V2Igsin (wt — @c) (2.14)

where ¢, is the phase angle given by the converter AC voltage, which has ¢. = § + ¢.
In the steady-state, the arm current consists of a fundamental-frequency compo-
nent and a DC-bias, which are expressed as

N

a

I L I
ip (£) = 9¢ 4 Zsin (wt — ¢c) = = [k+sin (wt — ¢c)]
3 2 2 215
lae | I 219
in(t) = % - zssin (wt—@c) = 5 [k — sin (wt — ¢¢)]
where k is the current ratio in the arm current, which is defined as
Iie /s
k==2/2 2.1
3 /3 (2.16)
By neglecting the power losses in the MMC, k is also obtained as
3. A 1
Ugelge = Ellciphls cos g = k = 511 €08 e (2.17)
According to Kirchhoff’s voltage law, the upper arm and lower arm voltages are
given by
U,
up = ch — Ue_ph
(2.18)
1y — e +u
n= c_ph
Substituting (2.13) into (2.18), the arm voltages are solved as
1 .
up = 5 [1 — msin (wt)] Uy
1 (2.19)
in =5 [1+ msin (wt)] Uge
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Table 2.1: Specifications and Parameters of a Down-scale MMC Prototype

Parameters and symbols Values and units

Nominal apparent power Sy 15 kVA

Nominal active power Py 13.5 kW

DC bus voltage Ug, 900 V

Switching frequency fsw 1.5 kHz

Leakage reactance of the transformer Lt 4 mH (0.12 p.u.)

Arm reactance L 4mH (0.12 p.u.)

SM capacitance Com = C1 + C; 400 V/820 uF x2

Grid line voltage at PCC Us 380V

Number of SMs per arm N 4

Bleeding resistor of each SM Ry, 12 kO

IGBT module 1.2 kV/50 A (F4-50R12KS4)
In the ideal MMC model, it has the constraint of Uy, = NUgy, where N is

the number of SMs per arm and Usy is the SM capacitor voltage. The insertion
probability of the upper arm and lower arm are denoted by N, and Np, that is
Np= P — 1 [1— msin (wt)]
P77 Nugy 2
Un
NUgpm

(2.20)

1
Nn =5 [1+ msin (wt)]
So far, all the variables inside the MMC converter (e.g., modulation index, arm
voltages/currents) has been established the analytical relationship according to the
active/reactive power at the PCC.

2.3 Description of a Down-scale MMC Prototype

In this thesis, a 15 kVA down-scale MMC prototype has been built for exper-
imental verification, as shown in Fig. 2.3. The detailed specifications are listed in
Table 2.1. In particular, although the MMC-based HVDC systems commonly employ
high-power film capacitors and air-core inductors, the down-scale prototype utilizes
the commercial Aluminum Electrolytic Capacitors (Al-Caps) and iron-core inductors
due to the volume and power density limitations. It is worth noticing that the Al-Caps
and iron-core inductors also offer advantages for medium-power MMC applications
[61].

As shown in Fig. 2.4, the P/Q capability circle shows that selected operational
P/Q ranges are located within a certain limits. In addition, the steady-state wave-
forms in Fig. 2.5 verify a proper operation of the converter under the nominal condi-
tion (P = 13.5 kW and Q = 6.5 kVar).
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Fig. 2.3: A 15 kVA down-scale MMC prototype: (a) a photo of the platform along with the
Sub-Module (SM) circuit and (b) the circuit configuration of the setup.

2.4 Modeling of the Power Losses of the Critical
Components

In the initial design of an MMC, the power losses of many component candidates
need to be evaluated quickly. This section provides analytical power loss models
for the critical components (i.e., IGBTs, capacitors, inductors, and bleeding resistors).
The analytical models utilize only grid-level information (e.g., grid voltages, P/Q set
points at PCC, etc.), which are usually accessible in the initial design stage. Moreover,
the selected components are measured to reveal the uneven parameters in practice,
which will be taken into account by subsequent reliability evaluation. Finally, the
theoretical power loss formulas and experimental results are also compared.

24



Device
current lip

0=6.5 kVar
O=3 kVar

Reactive power  (p.u.)
=]

awer voltage Arm inductor

currént limit

3 2 -1 0 1 2 3
Active power P (p.u.)
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mined by the maximum apparent power, arm inductor limit is determined by the current rating
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Fig. 2.5: Steady-state MMC waveforms when P = 13.5 kW and Q = 6.5 kVar (the grid voltage,
the converter AC voltage, and the current).

2.4.1 Power Losses of the IGBT Modules

In the down-scale prototype, a 1200 V/50 A IGBT module is used as the basic
component, which has conduction and switching losses. According to [62], the con-
duction losses of the IGBT/diode can be calculated by

Pcond = |Ian| [ucondO@T,ef + K1 (T] - Tref)}
+ IRms [rcondO@T,ef + K (Tj - Tref)] , (221)

with Ucondo@T,, Tcondo@T,s K11 and K being the coefficients obtained experimen-
tally as shown in Fig. 2.6 and listed in Table 2.2, respectively. The reference temper-
ature is Tref = 25°C and T; is the junction temperature. In addition, layg and Irms
are the average and the RMS currents flowing through the devices, respectively. The

switching energy dissipations Esw = Eon + Egf for the IGBT, and the reverse recovery
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Fig. 2.6: Measured conduction losses of 12 IGBT modules (1200 V/50 A): (a) output characteristic
of the IGBT, (b) the obtained U,nqoapscc and its distributions and (c) the obtained ryngo@25°C
and its distributions.
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Fig. 2.7: Measured switching energy dissipations in the IGBT module (1200 V/50 A): (a) IGBTs
and (b) diodes.

energy per pulse Esw = Erec for the freewheeling diode for the current I are given by

I \S/ Usy \ X
Esw = Eqwref| — [1 + Ksw (T] - Tref)] , (2.22)
Iref uccref
with Ief, Ueeref and Egyrer being the nominal test conditions. Kj, K, and Ks are
the coefficients obtained from the measurements as shown in Fig. 2.7 and also listed
Table 2.2, respectively. Ugy is the SM capacitor voltage.
Subsequently, the average switching losses are

to+T
Psw s/p = T Y Esw (icesf), (2.23)
to
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Table 2.2: Measured Power Loss Coefficients for the Selected IGBT Modules (avg: average values,
std: standard deviations)

IGBT Diode
avg std avg std
UcondoeT,;  [VI 1.87 2.2E-2 1.31 2.5E-2
Teond0@T,e €2 3.16E-2 64E-4 146E-2 52E-4
Kr1 [V/°C] 270E-3 17E-4 -33E-3 4.2E-4
Ko [A/°C] 9.73E-5 1.1E-5 182E-5 29E-6
K; [1] 1.30 22E-2 3.32E-1 5.5E-3
Ky [1] 1.33 2.2E-2 1.72 2.9E-2
Kew [1/°C]  2.76E-3 4.6E-5 184E-2 3.1E-4

*for IGBT, Equrer=0.72 ], Lef=20 A, Uperer=300 V;
*for Diode, Eqyref=0.26 mJ, Ler=20 A, Ueres=300 V.

Table 2.3: The Average and RMS Currents of the Power Devices in an SM of the MMC

Device  Average current (A)

Sy 41; (k> —1) cosa

D; 4’; (1—k2) cosa

S, [ (m+2a) k+ (14 k) cosa]
2z [

D, 7 —2a)k— (1+k?) cosa]

Device The power of RMS current (A?)

s & (1-#) (1—20) - gcos (30)]

Dy 1?_[ (— - kz) 7T+ 2a) + & cos (304)}

Sy 116271 ( + 3k2) 7+ 2a) + 6k cosa — & cos (30{)}
D, 1162” < + 3k2> 7 —2a) — 6kcosa + & cos (Szx)l

where Py, 5/p and icg/f are the average switching losses and the instantaneous device
currents for IGBTs or diodes, respectively.

Based on (2.21), the key task to calculate the power losses of the IGBT module
is to find the instantaneous, the average and the RMS currents of the power device.
Solving (2.15), the zero crossing points of the arm current are at

where & = arcsin (k), (2.24)

wt] = —a+ @c
why =T+ a+ ¢c

when the arm current is positive (i.e., wt; < wt < wty), it flows through the devices
D; and Sp. On the contrary, the arm current passes through the devices S; and D,
when the current is negative. The instantaneous current icg g1, the average current
Is1_avg and the RMS current Is;_rms of the device S are calculated as

) 0, 2m+wt <wt<wty
ICE_S1 . (2.25)
szp, wty < wt < 21+ wty,
1 2m+wh . f
Isi_avg = 5 - /wtz Npipdwt = 2= (k2 - 1) cosa, (2.26)
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Fig. 2.8: The power losses of the semiconductor devices in an SM (P > 0 inverter mode, P < 0
rectifier mode): (a) S, (b) Dy, (c) Sp and (d) D».

2
I3 rvs = 116757'( [(% - kz) (7t —20) — gcos (3a)] . (2.27)

The device currents of Sy, D1 and D, are obtained similarly as listed in Table 2.3.
Substituting the device currents into (2.21) and (2.23), the average power losses of the
power devices are obtained.

Based on the established models, the power losses under various P/Q setpoints
are shown in Fig. 2.8. When P > 0 (inverter mode), the DC-bias current flows through
the devices S; and Dy, which leads to higher power losses. On the contrary, devices D,
and S; dominate the power losses when P < 0 (rectifier mode). Moreover, when the
reactive power is reduced from 6.5 kVar to 3 kVar, the power losses of the all-power
devices are alleviated correspondingly.

2.4.2 Power Losses of Capacitors

According to [63], the power losses of a capacitor are expressed by the RMS ca-
pacitor current I,p rms and capacitor series resistance ESRcap, which are expressed
by

Peap = Z IczaprMS (w) - ESReap (w). (2.28)
w=0
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Fig. 2.9: The measurements of 80 capacitor series resistances under different frequencies: (a) The
capacitor series resistance, (b) the distribution of ESRcp at 50 Hz and (c) ESRcap at 100 Hz.

The capacitor current of the MMC mainly consists of the 15'- and the 2"d-order
components [44], whose amplitudes are

. I

feap (@) = 2 \/m2K2 —2mcos gc +1, (2.29)
. ml,
feap (2w) = ==, (2.30)

The measured capacitor series resistance versus frequency for 80 capacitors is shown
in Fig. 2.9, which decreases progressively with the frequency with sensible differences
for those 80 capacitors. The measured ESRcap is 115 mQ) (50 Hz) and 89.6 m() (100 Hz)
on the average, respectively.

Substituting (2.29), (2.30) and the ESRcap into (2.28), the corresponding capacitor
losses are obtained as shown in Fig. 2.10. The 1%t- and 2"d-order capacitor currents
are symmetrical with respect to P = 0 axis. However, the 1%t-order capacitor current is
approximately four times the 279 order, indicating that the capacitor power losses are
mainly produced by the 15t-order component. Moreover, both the capacitor currents
and the power losses decrease as the reactive power demand decreases.

29



N

< | |——0=65kVar 11— 0=65kVar
B ||=——— 0 =3kVar g ||=-== 0 =3LkVar
o
5 41 1% order B
= )
5 =
=2 =
“o O 9
-15 0 15 -15 0 15
P (kW) P (kW)
(a) (b)
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2.4.3 Power Losses of the Arm Inductors

The down-scale prototype uses iron-core arm inductors. The inductor power
losses Py consist of winding losses Py and core losses Peore. The winding losses

depend on the resistance of each conducting element and the RMS current that flows
through it, which are

s 2k? 2
by = Z p/n_RMS (w) Rqr, (w) = STRSL_dC + gsRsL_acr (2.31)
w=0

where i,/ rvs is the RMS value of the upper/lower arm current and Rgp is the
equivalent series resistance of the arm inductor. In the 6 arm inductors, the measured
Rgp increases against the frequency as shown in Fig. 2.11, where the resistances are
64.4 mQ) (0 Hz) and 66.9 mQ) (50 Hz) on average, respectively.

According to [64], the core losses of the arm inductors are excited by the sinusoidal
current with a DC-bias, which are

Prore = (chKh FB% + K f2B2 + Ke f1-51§1~5) V., (2.32)

where B is the amplitude of the AC flux, Ky, K¢ and K, are the hysteresis, the eddy-
current and the excess core loss coefficients, respectively. V. is the core volume, and
Cqc considers the impact of the DC-bias current.

The arm current and power losses are shown in Fig. 2.12. The arm current is
dominated by the 15t-order component as shown in Fig. 2.12(a). Meanwhile, the DC
component of the arm current is independent of reactive power. Finally, the power
losses of the arm inductor are correspondingly shown in Fig. 2.12(b).

2.4.4 Power Losses of the Bleeding Resistors

The bleeding resistors are connected in parallel with the SM capacitors. The power
losses of a bleeding resistor are voltage dependent as

uZ
Pr =M, (2.33)
Rp
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Fig. 2.12: The arm inductor currents and power losses: (a) DC and 50-Hz components of the arm
current, (b) power losses of an arm inductor.

According to the measured parameter distribution of the selected bleeding resistors
shown in Fig. 2.13(a), the average resistance is 12.03 k(). Due to the mean value of
the capacitor voltage, which is independent of the active/reactive powers, the cor-
responding power losses are almost constant under different P/Q values, which are
shown in Fig. 2.13(b).
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2.5 Experimental Verifications

The power losses of the components mentioned above are measured by the New-
tons Power Analyzer PPA5500, and the measured results are compared to the theo-
retical values, as shown in Fig. 2.14. Since it is difficult to measure the power losses
of a single power semiconductor chip, the entire IGBT module is measured. The
total power losses of the four power devices (i.e., S;, Sp, D and D;) are shown in
Fig. 2.14(a). The measurements coincide with the theoretical values with a maximum
error of 5.4%. Next, a comparison of the measured capacitor power losses and the
theoretical values are shown in Fig. 2.14(b). The capacitor power losses are relatively
small in this case, where the maximum value is roughly 0.8 W. The experimental
power loss data also agrees with the theoretical values with a maximum error of
8.2%. This kind of error might come from the switching-frequency ripple currents,
which are neglected in the analytical models. Furthermore, the power losses of the
arm inductor are shown in Fig. 2.14(c). The theoretical power losses are relatively
small when P = 0 kW, while the theoretical results become larger when P = 13.5 kW.
The differences are probably from the core loss model without considering the har-
monics. When P = 0 kW, the inductor current is minimal. The error of core losses
due to harmonics accounts for a large part, which leads to a large error. However,
the difference of around 3 W under the condition is still acceptable. Moreover, MMC
applications usually utilize air-core inductors. The error from core losses contributes
to a minor effect in real applications. However, for more accurate results, a more
comprehensive inductor power loss model is required.

So far, the system-level power loss model has been established for the MMC. Both
the device parameters and mission profiles (i.e., P/Q set points at PCC) are consid-
ered. The corresponding outcomes provide the basis for the next thermal analysis
and lifetime prediction.
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2.6 Summary

To achieve the reliability oriented design of the MMC, a systematical power loss
evaluation of the MMC is modeled. This chapter has established the analytical mod-
els of the power losses of the power semiconductor devices, capacitors, inductors,
and bleeding resistors. All the electrical parameters are based on the P/Q set points
with PCC of the grid. It enables a computation-light and parameter-changing friendly
model. The proposed model is validated by a 15-kVA down-scale prototype experi-

mentally.
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Chapter 3

Comprehensive
Electro-thermal Model of the
MMC

3.1 Abstract

According to [12], thermal-related issues are one of the most severe failure mech-
anisms for power electronic applications. Thus, the electro-thermal model is an es-
sential part to discuss the reliability of the MMC systems. The electro-thermal model
serves to convert the mission profiles into thermal profiles, which is directly related to
the accumulated damages of devices and systems. Therefore, this chapter discusses
the four different aspects as follows.

o The classification of typical thermal profiles in power electronic systems;
Periodic thermal profiles of MMCs;
Non-periodic thermal profiles of MMCs;

o Impact of Thermal Interface Materials (TIMs) and an empirical characterization
model.

3.2 Classification of Typical Thermal Profiles

In terms of long-term reliability assessment of power electronic systems, one of the
most challenging aspects is to convert the thermal profiles across multiple time scales,
i.e., from switching cycles at the nano- or micro-seconds to the mission profile with
a year or even longer time duration [C5]. In general, the thermal profiles of power
electronic applications typically contain two major categories, as shown in Fig. 3.1:

e Periodic Profiles: thermal cycles due to the periodic power loss profiles, which
are related to the fundamental-frequency currents or switching. In different
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Fig. 3.1: Typical thermal profiles in power electronic systems [C5].

applications, the periodic profiles may have four different frequency ranges:
low frequencies (low-speed variable applications), line frequencies (utilities),
medium frequencies (high-speed motor drive), and also switching frequencies.

e Non-periodic Profiles: thermal swings due to the load variations and environ-
ments also exist. The time scales are typically seconds, minutes, days, or even
longer.

Thermal behaviors under different time scales usually have distinctive performances.
Thus, a single thermal model is challenging to provide good thermal estimation across
multi-time scales. A compromise of computational burdens and accuracy is usually
inevitable based on a single electro-thermal model. Therefore, it is necessary to dis-
tinguish the thermal behaviors of different time scales.

3.2.1 Time-domain Thermal Profile Analysis

In the case of an IGBT module as shown in Fig. 3.2, the power dissipation in a chip
is not only heating up itself, but also increases the temperatures of the neighboring
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Fig. 3.2: Studied power module used for the MMC: (a) lateral structure; (b) horizontal distribu-
tion of chips and (c) circuit diagram [C5].

chips. Then, a thermal matrix is usually utilized to define the process, that is

T (t)
Tja(t)
| Tt
[ Zaa1(t)  Zma2(t) - Zgan(t) Py(t) 6.1)
Zino1(t)  Zmoao(t) -+ Zgon(t) Py(t)
- : : . : : +T
| Zomt () Zinwa()) - Zaan(®) 1 L Palt)

= (Zth,self + Zth,mutual) P+ T

where Tj(t) is the junction temperature of each power semiconductor chip, P(t) is the
corresponding power losses in the chip, and T; is the reference temperature (e.g., case
temperature, ambient temperature, etc). The diagonal elements Zy, ;;(f) correspond to
the self thermal impedances of each heat source (i.e., chip), and non-diagonal elements
Zini(t) denote mutual thermal impedances among chips. Clearly, the number of
heat sources (e.g., chips) determines the dimension of the applied thermal matrix.
For instance, a typical medium-voltage IGBT module, e.g., Infineon FF1000R17IE4
has 24 chips, which correspond to a 24x24 thermal matrix. The high dimensional
thermal matrix is complicated for long-term reliability evaluation. For the MMC with
hundreds to thousands of components, it is more challenging to applied the thermal
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Fig. 3.3: Measured time-domain thermal impedance results to establish a thermal matrix of the
selected power module [C5].

matrix with such dimensions. Therefore, a comprehensive method is necessary to
convert the thermal profiles from different time scales.

As shown in Fig. 3.2, a half-bridge IGBT module consists of two IGBT chips and
free-wheeling diode chips. According to the aforementioned thermal matrix, the mea-
sured the thermal impedance of each chip is shown in Fig. 3.3. In the time-scale
response, the self thermal impedance Z;; always has a faster response and a larger
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Fig. 3.4: Frequency-domain thermal impedances of the selected IGBT module [C5].

amplitude than the mutual thermal impedance Z;;. The different time-domain ther-
mal impedance implies the different junction temperatures. However, it is not trivial
to find a rule to simplify the thermal matrix based on the obtained time-domain re-

sponses [C5].
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3.2.2 Frequency-domain Thermal Profile Analysis

According to (3.1), the junction temperature of the first chip Tj; is converted into
frequency domain, which is expressed as

Tj1 (s) =Zin,11 (5) P1 () + Zina2 (s) P2 (s) + - - -
+ Zn14 (s) Py (s)

When it comes to the junction temperature of a single chip (e.g., Tj1), the mu-
tual thermal impedances (e.g., Z 12, Zih,13, Zth,14) are always smaller than the self-
impedances (e.g., Zy, 11) as shown in Fig. 3.3. In other words, the self-impedance
dominates the thermal response. Thus, the expression of (3.2) can be divided by the
steady-state value of the self-impedance Zy, 11(0), which is obtained as

(3.2)

Tj1 () = Zn11 (0) ;ii ((;; Py (s) + Z}:i (((S); P, (s)
’ ’ (3.3)
Zih 14 (5)
e Zn11 (0)P4 ®)

For a specific power loss (e.g., P;(s)), if the magnitude of Zy, 11(s)/ Zi 11(0) is smaller
than -40 dB at a specific frequency, the corresponding temperature response will be
less than 1% of the steady-state response of the self-impedance. Thus, the -40 dB
related frequency is defined as a corner frequency in the case. Any thermal profiles
over the corner frequency can be negligible since a small thermal response.

Based on the corner frequency, the non-periodic profiles with frequencies larger
than 1 Hz have significant effects from both self and mutual thermal impedances, as
shown in Fig. 3.4. When it comes to the periodic profiles with the frequency range
of 1-100 Hz, the self-thermal impedance is still remarkable while the mutual ther-
mal impedances are gradually minor. Furthermore, for the switching frequency over
1 kHz, neither self nor mutual thermal impedances are significant. It is reasonable to
neglect the corresponding thermal responses from the switching frequencies. There-
fore, for the studied IGBT module, both self- and mutual-thermal impedances are
required for non-periodic profiles. Conversely, periodic profiles (1-100 Hz) are ac-
cepted when self-thermal impedances are considered only. The thermal responses
due to the switching are negligible.

3.3 Periodic Power Loss Profiles of MMCs

Based on the aforementioned frequency-domain thermal analysis, the typical pe-
riodic profiles do not need to consider the mutual thermal effects among different
devices. However, as shown in Fig. 3.5, the power losses of four power devices in an
SM are unbalanced. The average power losses of S, and D; are larger than that of S;
and D;. Moreover, the loss durations of the instantaneous power losses of S; and Dy
are also different from S; and D,. This inherent power loss unbalance is caused by the
DC-bias component of the arm current, which has also been discussed in Chapter 2.
Notably, the unbalanced power losses are not constant, which varies with the differ-
ent operational conditions of the MMC. Thus, it is challenging to directly obtain the
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Fig. 3.5: Instantaneous power losses pinst(t) of four power devices in an SM of a 30-MW MMC
case and their corresponding average power losses Pave: (a) S1, (b) Sz, (¢) Dy, and (d) D, [J3].

Table 3.1: Proposed Equivalent Loss Curves for the Power Devices in an SM of the MMC [J1].

Arm currents  Devices  Loss duration fe Ppeak of the average power loss
j, > S D1 7+ i fo @PM

<0 S1, Dy T—2u 2w fo (roaa Pave
;>0 S, D w42 o (ﬂijza) Pave

<0 S1,Dy m—2a afo Tz Pave

accurate instantaneous power losses of the devices and then convert them into cor-
responding thermal profiles. Simplified thermal modeling is necessary to model the
periodic power loss profiles, which will be discussed from the following two parts: 1)
propose an equivalent loss curve to model the impact of the DC-bias current, and 2)
simplify the equivalent loss curve with a quantitative error level.

3.3.1 Equivalent Power Loss Profile

As mentioned above, the instantaneous power loss profiles of power devices in the
MMC are complicated to be obtained, which varies with different devices, operational
conditions, etc. In order to simplify them for thermal estimation, an equivalent power
loss curve is proposed here, which should meet two requirements: 1) have identical
loss profile duration and 2) have the same average energy or power losses. First, the
proposed equivalent power loss curve is given by

Pooak sin (271 fot), i inst > 0
Pequi inst = { peak SIN (27Tfet) , Pequi_inst (3.4)

O/ Pequi_inst < 0
where Ppe,i is the amplitude power loss, and f, is the equivalent frequency to char-

acterize the impact of the loss profile duration. Then, the following tasks are to
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of the equivalent loss curves [J3].

determine the two parameters.

As shown in Fig. 3.6, the zero crossing points of the arm current determine the
duration of the equivalent loss profiles, and further the frequencies. According the
calculated two zero points of the arm currents expressed in (2.24), the position of the
zero crossing points depends on two operational parameters of the MMC, i.e., the
phase-shift angle ¢ and the modulation index m. Thus, the equivalent frequencies
can be expressed as

i
for = n+2afo, for Dy, is

. (3.5
feo = ﬂimfo, for S;.

Apart from the consideration of the power-loss duration time, the second aspect
is to keep the same energy dissipation. Based on an integral calculation, the relation-
ship between the amplitude Ppeak and the average Paye of the devices D and S; (see
Fig. 3.6) can be expressed as

P, = 72 P.
peak_D1 ( T 20‘) ave )
P, = 72 P ( .
peak_S1 ( 2 ) ave

Until now, the parameters as mentioned in (3.4) are obtained by (3.5) and (3.6). Cor-
respondingly, the equivalent loss curves of the devices Sy, D, are obtained and listed
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Table 3.2: Specifications of a Full-Scale MMC System for Sensitivity Analysis of the Proposed
Equivalent loss curves[J1].

Parameters Values
System rated active power P =30 MW
Rated DC-link voltage Uge = 31.8 kV
Rated AC grid voltage Upe = 14 kV
Number of sub-modules per arm N=12
Arm inductor Lo=4mH
Arm resistor Ry =0.0628 Q)
Sub-module capacitor Csm = 0.8 mF
Switching frequency fsw=1kHz

in Table 3.1. The equivalent loss curves are different from the devices in an SM, but
the upper and lower arms have the identical results according to Table 3.1.

Furthermore, the proposed equivalent loss profile is divided into a series of pulses,
as shown in Fig. 3.7. The temperature of each dissipation pulse is determined by the
previous temperature state and the present power loss value of the pulse as described
in [65], which is given by

3 _ At
ATy 1 =Py 1 ¥ Ry (1 e )

v=1
3 At 3 AL (37)
AT, = Y, AT,_q1e " + Py Y. Ry (1 —e Tthv)

v=1 v=1

where Ry, is thermal resistance and Ty, is thermal time constant, which can be
found in datasheet. P,_; and P, are the power losses in the previous and present
states, respectively. At is the time period of each dissipated period.

3.3.2 Parameter Sensitivity Analysis

According to (3.5) to (3.6), the proposed equivalent loss profile has two factors
Ppeax and fe, which are correlated to the modulation index m and the power factor
angle ¢. Thus, it is necessary to analyze the parameter sensitivity, where the discus-
sion is based on a full-scale MMC as listed in Table 3.2.

A comparison between the thermal profiles based on the equivalent loss profile
and the instantaneous losses are shown in Fig. 3.8. When the fundamental frequency
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alent power loss curves at 50 Hz: thermal profiles of S; (a) under different m, (b) different ¢,
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Fig. 3.9: Comparison of the thermal results by instantaneous power losses and equivalent power
loss curves at 1-Hz operation: the device S; (a) under different m, (b) different ¢, thermal profiles
of D (c) with various m, and (d) various ¢ (¢ = 0° for (a) and (c), m = 1 for (b) and (d)) [J1].

is 50 Hz, the estimated results based on the proposed method agree with the theo-
retical values. The maximum error is around 2°C. Moreover, considering the low-
frequency case of 1 Hz, Fig. 3.9 illustrates the results based on different m and ¢. The
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Fig. 3.10: Two conventional methods for junction temperature fluctuation estimation: fixed half-
sine and fixed square loss profiles [J1].
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Fig. 3.11: Comparison of thermal profiles of S; based on two prior-art methods with ¢ = 0°: (a)
fixed half sine loss profile and (b) fixed square loss profile at 50 Hz, (c) fixed half sine loss profile
and (d) fixed square loss profile at 1 Hz [J1].

estimated thermal results by the proposed method match with the ones by the instan-
taneous power losses. Even for the thermal swings at low frequencies (i.e., 1 Hz), the
temperature fluctuation of Sj is as large as 95°C. The estimated thermal results by the
proposed method are close to the results by the instantaneous power losses.
Moreover, two widely utilized power loss profiles for thermal estimation of pe-
riodic profiles, i.e., the fixed half-sine and the fixed square loss profiles [46, 47, 66]
are shown in Fig. 3.10, which are compared to the proposed method. Notably, These
two prior-art methods are developed based on conventional two-level converters. Al-
though both these two methods have the same energy as the instantaneous power
losses, the loss duration is fixed to 1/(2fy). The DC-bias of the arm current and
the induced thermal unbalance are not considered in the two models. The estimated
thermal profiles based on the two previous methods are shown in Fig. 3.11. With the
fixed square profile, the difference is the largest to around 25°C at 1 Hz, as shown
in Fig. 3.11(d). As shown in Fig. 3.11(a) and Fig. 3.11(c), the differences based on
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the fixed half-sine loss profile become smaller, but the maximum difference is still ap-
proximately 10°C. Notably, the computational complexity of the fixed half-sine profile
is identical to the proposed method. The difference based on the half-sine profile is
almost double under the same condition, which emphasizes that both the average
power loss and the power loss distribution during a cycle are important for the ther-
mal estimation [J1].

3.3.3 Simplification with Quantitative Errors

The aforementioned thermal estimation of the periodic profile needs to divide the
equivalent power loss profile into a series of dissipation pulses. As shown in Fig. 3.12,
the equivalent power loss profile can be divided into different pulses/levels, e.g., two
(k = 1), four (k = 2), six (k = 3), or 2k pulses. With a larger k, the discretized power
loss is more close to the half-sine equivalent power loss profile. A more accurate ther-
mal estimation can be achieved by better power loss approximation but at the cost of
increasing computations. This conflict raises a question of how to estimate the ther-
mal behavior with minimum computations while within a maximum allowable error.
In order to achieve the target, the error of thermal estimation should be analyzed
quantitatively.

As shown in Fig. 3.12, each dissipation pulse can be calculated based on the iden-
tical energy, which is expressed as

4k T (2i—-1)m

P = ;Ppeak sin — sin ————— (3.8)

4k 4k
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where P; is the amplitude of the i-th dissipation pulse, i = 1, 2, ..., 2k, and Ppeak can
be obtained according to (3.6). At is the pulse period, which is

1

(3.9)

Substituting (3.8) into the model of (3.7), the maximum temperature is expressed as

k+1 .
ATmax = Z PiRth (1 _ e*At/‘&h)ef(kJrlfz)At/Tlh (3.10)
i=1

Notably, the number of the discretized dissipation pulses relies on the pulse pe-
riod At. Due to the applied thermal model (i.e., Foster model) is usually based on the
experimental measurements, the minimum At is limited by the minimum time scale
of the applied thermal model. Most of the datasheets provide thermal impedances
starting from 1 ms, which means that any thermal estimation with At < 1 ms be-
comes uncertain. Therefore, the estimation of temperature fluctuation with At = 1 ms
is selected as a base value. The relative error for arbitrary dissipation pulses with k
levels can be calculated as

e— ATmax (kmax) — ATmax (k)
ATmax (kmax) '

(3.11)

which can be expanded as

k1 ) 1 —(k+1-i)
ksin (Z’Zkl)” sin ¢ (1 - e4kf”rh) e et
i=1

e=1-

p— (3.12)

X

kmax sin (2411.1:71” sin g7~ (1 - 64"“‘3;}3“11 ) e 4(’frrnnsxxftltlwl)

= ma max
According to (3.12), the obtained relative error only depends on three parameters: the
number of loss levels k, the equivalent frequency f,, and the thermal time constant
T, Of the selected power device. Ppeax and Ry, do no affect the estimated error. With
a specific application, f. and Ty, are easy to be obtained. The minimum dissipation
level kpyin can be calculated with a designer pre-set maximum allowable error emax.

A 1200-V/50-A IGBT module (i.e., F4-50R12KS4) is selected as the study case.
Fig. 3.13 shows the minimum required kni, with different frequencies and error lev-
els. When the maximum allowable error is selected as 10%, as shown in Fig. 3.13(a),
kmax is around 2,900 while kpin, = 2 only when the fundamental frequency is around
0.1 Hz. Moreover, kpyi, based on the proposed method does not change significantly
with the frequency. kpin = 2 or 1 is enough to achieve a 10% error during the fre-
quency range from 0.1 to 100 Hz. The estimated temperatures are also compared in
Fig. 3.13(a). The estimated temperatures using kmi, and kmax are close to each other
under different frequencies. Furthermore, Figs. 3.13(b) and (c) show the results when
the maximum allowable error emay is set as 5 % and 1 %, respectively. With a smaller
error requirement, the estimated temperature has better results, but knyi, based on
the proposed method increases accordingly. Notably, the increased kpi, based on the
proposed method is still smaller than the kmax without any simplifications, which
allows simplifying computation of thermal estimation even with a higher accuracy
requirement.
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3.3.4 Experimental Validation

To validate the effectiveness of the proposed method, an experimental platform
has been built as shown in Fig. 3.14. The circuit configuration and control strategies
of the experimental platform have been discussed in [67] in detail.
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Fig. 3.14: Photos of the experimental platform for thermal behavior validation: (a) the set-up and
(b) the IGBT module using optical fibers to measure the junction temperature. (1: the receiver of
thermal fiber signals, 2: oscilloscope, 3: DC power supply, 4: thermal optical fiber, 5: SM under
test, 6: SM for control, and 7: digital controller.) [J1]
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Fig. 3.15: Experimental comparison of thermal behaviors of the device S; at 0.1 Hz: (a) the
measured result and the time-domain simulation, (b) estimated result based on the equivalent
power loss profile, (c) estimation based on the proposed simplified method with k =1, (d) k = 2,
(e) k=3 and (f) k = 4. [J3]

The steady-state junction temperatures of S; are measured as shown in Fig. 3.15.
The fluctuated waveform of the temperature profile is similar to a half-sine wave.
However, the wave is not symmetrical in the period due to the inherent thermal un-
balance of the MMC. The measured temperature fluctuation of S; is around 6.84°C,
which matches the time-domain simulation result as shown in Fig. 3.15(a). Moreover,
the thermal result based on the proposed equivalent power loss profile also agrees
with the measurement, as shown in Fig. 3.15(b). Following, Figs. 3.15(c)-(d) provide
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Fig. 3.16: Simulation results of power loss profiles, thermal transient behaviors, and the esti-
mated error of the device S; at 50 Hz based on the different power loss levels: (a) k =1, (b) k =
2, and (c) k = 3. [J3]

the simplification based on from k = 1 to k = 4. Based on the above measurements,
k = 2 is the minimum to achieve an emax = 10%, while k = 3 can provide a 5% error
but emax = 1%. These results are matched with the theoretical analysis in Fig. 3.13.

Furthermore, the 50-Hz thermal behaviors are validated by simulations due to the
limited response time of the measuring equipment. In this case, the average power
losses are intentionally set as 50 W to obtain a more obvious thermal response. As
shown in Fig. 3.16, the estimated thermal behaviors with k = 1, k = 2, and k = 3 can
follow the transient thermal response of the equivalent half-sine profile. The case with
k = 2 is the minimum requirement to achieve a 10% error. The power loss level with
k = 3 provides an error of around 2%. Therefore, the transient results also coincide
with the theory as shown in Fig. 3.13
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Fig. 3.17: 3-D layout of the down-scale MMC, where cooling air is imported from the bottom
and backside grilles then exhausted via the top fans [J4].

3.4 Non-periodic Power Loss Profiles of MMCs

Non-periodic profiles are due to the variation of loads and environmental con-
ditions. Its time scales are seconds, minutes, or even longer. As discussed above,
the Thermal Cross-Coupling (TCC) effects are significant in the non-periodic thermal
behaviors. In this part, the non-periodic device thermal profiles are discussed in the
down-scale MMC prototype, where its 3-D layout is shown in Fig. 3.17. In this proto-
type, 24 SMs and six arm inductors are assembled at five different physical layers. The
environmental cooling air is imported from the bottom and backside grilles, and then
exhausted through the fans on the top of the cabinet. As many components exist in
the prototype, a hierarchical thermal model is proposed, as shown in Fig. 3.18. In the
first aspect, the junction/hotspot-to-local ambient thermal models of each device are
established. The local ambient temperature is the local environmental temperature
around a specific SM, in which the TCC effects consider the mutual influences among
the different semiconductor chips, capacitors, and bleeding resistors. The second part
of the thermal model depicts the relationship between the local ambient temperature
of each SM and the global ambient temperature. The global ambient temperature is
the temperature outside of the cabinet, which is normally not affected by the oper-
ation of the study case. The TCC effects of neighboring SMs and arm inductors are
included in the modeling and analysis in the second level modeling.
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Fig. 3.18: Hierarchical decomposition of system-level thermal modeling of the down-scale MMC
prototype, which considers the TCC effects among devices and among different subsystems.
ent temperature of the i-th SM, Ty, is the global ambient temperature of the environment, Psyy;

(Tj1—Tjs are junction/hotspot temperatures of power devices or capacitors, Ty,; is the local ambi-
is the total power losses of the i-th SM, and Py; is the i-th arm-inductor power losses.) [J4]
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Fig. 3.19: FEM simulation results for the self junction/hotspot-to-local ambient thermal
impedances and mutual thermal impedances for the devices in an SM: (a) the active device
Sy and (b) the passive device C; [J4].

3.4.1 Junction/Hotspot-to-Local Ambient Thermal Modeling

A half-bridge SM is typically comprised of an IGBT module, two capacitors, and
a bleeding resistor. According to (3.1), the junction/hotspot-to-local ambient thermal
model is expressed as

P
Ty Zia1g - Zals  ZjalR _1
: = : : : © | 4 Tats (3.13)
T Z Zoos Zin P
j6 jab,1 ja6,6 ja6,R Pr

where the subscripts {1,2, ...,6, R} denote the devices {S1, Sy, D1, Dy, C1, Ca, Ry }, T,
Tjz,-.., Tje are the junction or hotspot temperatures, Zj,; ; are the junction/hotspot-to-
local ambient thermal impedances, Pj,..., Ps, Pr are the corresponding power losses,
and Tj,; is the local ambient temperature of SM1. The local ambient temperature is
defined as the environmental temperature around the SM.

To obtain the junction/hotspot-to-local ambient thermal impedances, FEM sim-
ulations with ANSYS/Icepak are conducted based on real dimensions and material
properties, as shown in Fig. 3.19. The self thermal impedance of S (denotes Zj1,1)
increase with time. Simultaneously, thermal impedances of Sy, Dy, and D, are rising
due to the TCC effects. However, the mutual thermal impedances of both capacitors
(Cq and Cy) are almost zero, which means that the temperature variations in the IGBT
module do no affect the capacitors. Similarly, the self and mutual thermal impedances
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Fig. 3.20: Junction/hotspot temperatures of the critical devices in an SM: (a) S1, (b) Sz, (c) Dy,
(d) Dy, (e) Cy, and (f) C, (Where Tjamp=28 °C, active and reactive power of the MMC are 13.5 kW
and 6.5 kVar, respectively. TCC: thermal cross-coupling) [J4].

of the passive component C, are shown in Fig. 3.19(b). The capacitors have significant
TCC effects between them, but they are independent of the IGBT module in the SM.

The measured junction and hotspot temperatures of an SM are shown in Fig. 3.20.
The device S, has the maximum junction temperature of 67°C as a result of the maxi-
mum power losses of 16.8 W. Meanwhile, the junction temperature of D, is 51°C while
its power losses are only around 1 W. The temperature rise of Dy is significantly af-
fected the TCC effects of neighboring heat sources. However, without considering the
TCC effects, the conventional thermal model provides the estimated thermal results
with an error of up to 45%. This underestimated thermal estimation verifies that the
TCC effect is non-negligible in the thermal estimation of the device.

3.4.2 Local Ambient-to-Global Ambient Thermal Modeling

As mentioned in (3.13), the local ambient temperature for each SM Ti,; is the
reference to estimate the junction/hotspot temperature of devices. The accuracy of the
local ambient temperature affects the accuracy of the estimated device temperatures.
The conventional thermal models usually assume the local ambient temperature as
identical to the global ambient temperature. However, for the MMC with many SMs,
the local ambient temperature of an SM is inevitably affected by the temperature rises
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of the neighboring subsystems, as shown in Fig. 3.18. Thus, the SM and arm inductors
are regarded as a unit. A thermal matrix method is applied again to consider the
system-level TCC effects, which is expressed as

[ Tlal
TlaZ
L Tha2a
[ Psvi |
[ Zain - Zaipa 0 Zalle : (3.14)
Zoyg 0 Zaops o Zale Ponins LT
: : Py &
L Zazag 0 Zanza 0 Zazals :
L Ps |

= Tla = ZaPSM/L + Tga

where T}, is the local ambient temperature vector of each SM. The local ambient-to-
global ambient thermal impedance Z, characterizes the TCC effects between SMs and
the impact of the cabinet and inductors.

In this case, the local ambient-to-global ambient thermal impedances are also char-
acterized by FEM simulations. Each SM is heated up separately, and the local ambient
temperature of each SM is recorded. Then, the obtained transient thermal impedances
are shown in Fig. 3.21. When SM1 on the backside of the cabinet is heated up, the
rising of self-thermal impedance Z,;; indicates that the local ambient temperature of
SM1 increases as shown in Fig. 3.21(a). Meanwhile, the local ambient temperatures
of the SMs (i.e., SM7, SM8, SM13, SM14 and SM19) are also heated up, which are
described as the rising curves of Z,7 1, Zag 1, Za13,1, Za14,1 and Z,19,1. Since the cooling
air is imported from the bottom and backside grilles and exhausts via the top of the
cabinet, the TCC effects between SMs propagate mainly through the upward direc-
tion. Similarly, the front-side SM4 is heated up, as shown in Fig. 3.21(b). Compared
to the SM1 in the same layer of the cabinet, the TCC effects of SM4 are more notice-
able. This is because the front cabinet is airtight glass while the backside is grille
with cooling air imported. Thus, the properties of the cabinet also have a significant
impact on the local ambient-to-global ambient thermal impedances. In summary, the
local ambient temperatures of SMs are significantly affected by the layout, the cooling
method, and the material properties of the cabinet.

To identify the local ambient temperature distribution of the cabinet, measurement
is carried out on each SM using K-type thermocouples and a data logger NI-9213. The
local ambient temperatures of the 24 SMs are monitored continuously, as shown in
Fig. 3.22. When the MMC system is not running (Time = 0 s), all the local ambient
temperatures are equal to the global ambient temperature of 28°C. Afterwards, the
local ambient temperatures of the SMs increase with an obvious divergent with the
system operating. The divergence between different SMs is up to 17°C. Moreover,
even though SM6 has the lowest local ambient temperature, Tj,, = 41°C, it is still
obviously higher than the global ambient temperature. Thus, without consideration
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Fig. 3.22: Measured local ambient temperatures of 24 SMs in the MMC platform, where active
and reactive powers are 13.5 kW and 6.5 kVar, and the global ambient temperature is 28°C [J4].

of the difference between the local ambient temperature and the global ambient tem-
perature, the estimated device stresses will be underestimated. Furthermore, Fig. 3.23
compares the measured local ambient temperatures with the estimated values. The
estimated results agree with the experimental data, with a maximum error of 2.5%.

56



60

— — — Model
50 Measurement

9)
\-:g /
=
— — — Model
Measurement
20 20
0 5000 10000 0 5000 10000
Time (8) Time (s)
(@) ()

Fig. 3.23: Comparison of the measured local ambient temperatures and the estimated results of
two SMs: (a) SM6 and (b) SM16 (the conditions are the same as Fig. 3.22) [J4].

3.5 Thermal Interface Materials in SMs

In the thermal modeling of power semiconductor devices, TIM has a substantial
contribution to the thermal resistance from the junction to heatsink. However, con-
ventional reliability predictions are usually assuming it as a constant. Therefore, this
section has two parts: 1) investigate the impact of the applied TIM on the predicted
lifetime, and 2) proposes a simple solution to characterize the thermal resistance of
the TIM under realistic conditions.

3.5.1 Impact of TIM Thicknesses on Predicted Lifetime

Thermal models serve to convert power losses into temperatures of devices (e.g.,
IGBT module), as shown in Fig. 3.24. In many power electronic systems, a specific TIM
is required to be assembled between the IGBT module and the heatsink. Thus, the
thermal resistance of the TIM affects the junction temperature of the power device. In
practice, the TIM is typically not a solid, which leads to the varied thermal resistance
of the applied TIM. As shown in Fig. 3.25, the thermal resistance of the TIM is linear to
the increasing Bond-Line Thickness (BLT) with a specific starting assembly thickness.
Simultaneously, the thermal resistance is also related to different starting thicknesses.
These thermal resistance data comes from [68], which are measured based on standard
ASTM D5470 [51].

Furthermore, when applied thermal resistance of the TIM to lifetime prediction,
the estimated annual thermal profiles and lifetime are shown in Figs. 3.26 and 3.27,
respectively. With a starting thickness of 0.150 mm, the junction temperature of S,
peaks from approximately 105 °C (BLT = 0.02 mm) to 121 °C (BLT = 0.06 mm). More-
over, the predicted lifetime is also inappropriate to the starting thickness from 0.200
mm to 0.150 mm, as shown in Fig. 3.27. These phenomena emphasize the significant
influence of the BLT and the starting thickness on both the junction temperatures and
lifetime prediction.

Following, an experiment is carried out to measure the junction temperature pro-
files under various TIM thicknesses. The starting thickness of the TIM is controlled
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Fig. 3.26: Estimated thermal profiles of the device S, under various BLTs of the TIM (the starting
thickness is 0.150mm) [C3].

by a steel stencil with thicknesses from 80 to 200 pm, as shown in Fig. 3.28. The IGBT
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Fig. 3.27: Accumulated Damage of S; under various BLT and starting assembly thicknesses [C3].

Fig. 3.28: The equipment to apply TIMs with screen printing, where the starting thickness of the
TIM is controlled by the stencil: (a) screen printing equipment and (b) the applied TIM on the
surface of the IGBT base plate [C3].
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Fig. 3.29: Measured junction temperatures of the power device S; in an SM of the MMC system
with different starting thicknesses (the screw torque is fixed to 2 N-m) [C3].
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Fig. 3.30: A typical schematic assembly of the real joint surface of the TIM.

module is then applied to the same screw torque, which is aimed to keep the identical
applied pressure. The measured junction temperatures of the device S; are shown in
Fig. 3.29. With a starting thickness of 80 um, the junction temperature peaks approx-
imately at 31 °C. Meanwhile, the starting thickness of 100 ym still has a maximum
junction temperature of 31 °C. Furthermore, the maximum junction temperature de-
creases to 28 °C with the starting thicknesses of 120 ym and 150 ym. With a further
increase of the starting thickness to 200 ym, the maximum junction temperature in-
creases again to 31 °C. These results uncover the significant effect of the TIM on the
junction temperature of the power device. However, the thermal resistance of TIM
under realistic conditions is not linear as the standard condition. Either too thin or
too thick thickness of the TIM increases the junction temperatures and impair the
lifetime of power devices.

3.5.2 An Empirical Characterization Model for TIMs under
Realistic Conditions

The aforementioned experimental results reveal that the thermal resistance under
realistic conditions might be different from the standard linear result. Thus, how to
model the thermal resistance with consideration of the realistic conditions is neces-
sary. In the following part, a proposed empirical model of TIMs is discussed under
realistic conditions.

A typical assembly joint of a TIM with two rough solids (e.g., based plates of
IGBT modules, heatsinks, etc) is shown in Fig. 3.30. In the steady state, heat transfer
across the joint has two contact resistances R.; and R and a bulk resistance of the
TIM Ry, which are described as

R = R¢1 + Rpuik + Re2 (3.15)

In ASTM D5470 standard, the TIM is measured under an idealized flat surface, which
means that the contact resistances are near to zero. However, due to milled heatsinks
and pre-bended IGBT modules are commonly utilized in power electronic system, the
contact resistance may have a significant effect.
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Fig. 3.31: The proposed method to characterize the thermal resistance of TIM considering real-
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According to [54], the specific contact resistance of the TIM can be presented as

 080()) (H\™
o= R F) oo

where (i) is the effective surface roughness, m(i) is the absolute asperity slope, ks (i)
is the mean thermal conductivity between two surfaces, i = 1, 2 represents the con-
tacting solids, P is the apparent contact pressure, and H, is the hardness of TIMs.
Notably, the specific contact thermal resistance is defined as r. = R./A;. A; is the
apparent contact area.

The specific bulk resistance is expressed as, according to [54]

B P
otk = 122 ( _ ?) (3.17)
m m

where 6,0 is the starting assemble thickness with pressure of zero, and E,; is the
effective Young’s modulus.

Based on the above physical model, a method to characterize the thermal resis-
tance of the TIM is shown in Fig. 3.31. First, the initial thickness of J,,9 only affects
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Fig. 3.33: Specific joint thermal resistance under three different screw torques and a constant
initial thickness of the TIM [J5].

the bulk resistance. With a constant screw torque, the parameter a; related to the
bulk resistance can be obtained by changing the different initial thickness. Next, with
the constant initial thickness, the contact resistance is characterized by changing the
screw torques.

To validate the proposed method, the platform shown in Fig. 3.28 is used again.
Five different initial thicknesses (i.e., 80, 100, 120, 150 and 200 ym) and two screw
torques (i.e., 2, 4, 6 Nm) are applied. The measured thermal resistances are shown in
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Figs. 3.32 and 3.33. Then, the TIM is characterized as

P) M7
M = kﬂo (1 - q) +ap ¥ (11*3)0'95
m

ap Mz
a1 = 6.999E5 (3.18)
ay = 3.043
a3 = 3.134

The empirical model is relied on a few number of measurements under realistic con-
ditions. All the input are related to starting thicknesses and screw torques, which are
easy to be applied and obtained in power converter designs.

However, the limitations of the proposed method include: 1) the thermal grease
is only considered and evaluated. Different TIM materials or types (e.g., film) might
have different characteristics and models; 2) the proposed empirical model do not
have any physical meaning, which means that the model is highly related to the
selected power devices and heatsinks.

3.6 Summary

In this chapter, multi-time scale thermal profiles in power electronic systems are
classified into periodic and non-periodic profiles. The frequency-domain analysis has
pointed out that the non-periodic profiles require to consider self- and mutual-thermal
impedances, while periodic profiles require self thermal impedances only.

To model the inherent thermal unbalance of the MMC caused by the DC-bias cur-
rent, an equivalent power loss profile is proposed for the periodic profiles. Moreover,
based on the proposed equivalent power loss profile, a quantitative error model is
established to simplify the computation while within a maximum allowable error.
Experiments have been provided to verify the effectiveness of the proposed method
in terms of different frequencies, steady states, and dynamics.

A system-level thermal model is proposed to consider the non-periodic profiles
through two parts: the junction/hotspot-to-local ambient thermal model and the lo-
cal ambient-to-global ambient thermal model. The first part considers the TCC effects
among different devices (e.g., IGBTs, capacitors, etc.). The measurements show the
TCC effects significantly affect the thermal estimation, an error of 45% is observed
based on the conventional thermal models without considering the TCC effects. Sub-
sequently, the second part of the thermal model provides a more accurate temperature
reference for each SM. An in-situ measurement has revealed that not only the local
ambient temperatures are different from the global ambient temperature up to 30°C,
but also the local ambient temperatures between SMs are divergent to each other (up
to 17°C). Even though the same type of components are utilized in each SM and the
power losses between SMs are homogeneous, the divergent thermal results reveal the
complicated thermal behaviors in the MMC. Beyond the reliability evaluation, the
proposed thermal model also provides a guideline for the physical layout of SMs.

Finally, TIM is investigated from two aspects. First, the impact of TIM thicknesses
on the predicted lifetime. The results have pointed out that both initial thickness and
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BLT affects the predicted lifetime significantly. Second, an empirical characterization
model is proposed for TIMs under realistic conditions. The proposed model relies on
a few numbers of measurements. All the inputs are related to the initial thicknesses
and screw torques only, which are easy to be applied in the power converter design.
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Chapter 4

Mission Profile-based
Lifetime Prediction for
MMCs

4.1 Abstract

Based on the aforementioned power loss and thermal models, this chapter dis-
cusses a mission profile-based lifetime prediction method for an MMC system. Typ-
ically, the lifetime prediction of the MMC is deployed from bottom to top, e.g., from
the component level, subsystem level, and up to the entire system evaluation. In
prior-art studies, A few works have discussed the lifetime prediction of IGBT mod-
ules in MMCs based on long-term mission profiles [22]. However, the justifications
of using the specific mission profiles or lifetime models have few discussions. More-
over, when it comes to system-level reliability of MMCs, the state-of-the-art studies
are mostly based on constant failure rate models [17-19]. The constant failure rates
are collected from large-population products of random failures, which are limited
for MMCs with a small amount of commissioned projects and insufficient long-term
usage data. Therefore, based on an offshore wind power application using an MMC,
this chapter investigates the following three aspects:

e The impact of mission profiles on predicted component lifetime;
o The impact of lifetime model selections on assessed component lifetime;

e System-level reliability evaluation of a complete MMC system.

4.2 The Impact of Mission Profiles

Mission profile based lifetime prediction is an application-dependent reliability
analysis method. In a wind power application using an MMC system, the mission
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Fig. 4.1: Mission profile-based lifetime prediction method for the entire system of an MMC
system.

profile data is converted into power information (e.g., active and/or reactive power),
component-level power loss profiles, thermal profiles, and finally to predict the life-
time consumption of components due to wear-out failures. However, the require-
ments of the specific mission profile data have rarely been discussed in lifetime pre-
diction. Reference [22] adopts the mission profile with a resolution of 1 hour/data in
the lifetime prediction of the MMC system, but the reason or impact of the specific
resolution still remains unclear. The higher resolution of mission profiles contains
more rich information in terms of dynamic. As a result, a more accurate lifetime pre-
diction could be anticipated, but at the cost of high-resolution data measurements,
information storage, and more computational resources for the analysis. By contrast,
mission profiles with a low resolution sacrifice the accuracy of lifetime prediction but
benefit from alleviated sampling and computation. Regarding the lifetime prediction,
the impact of different mission-profile resolutions is still unclear. Thus, the different
mission profile selections are investigated in the following part.

4.2.1 Different Mission Profile Resolutions based on a Wind
Power Application

To investigate how the different mission profile resolution to affect the predicted
lifetime of the MMC, the wind speed data was collected from an offshore platform in
North Sea, as shown in Fig. 4.2. The period of the data ranges from September 2015 to
August 2016 with a time resolution of 1 s/data. An average algorithm is conducted to
obtain the corresponding data with resolutions of 10 minute/data and 1 hour/data.
Notably, 1-s/data profiles usually require large data storage and thus are limited in
field situations. Conversely, 10-minute/data wind speeds are commonly utilized in
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Fig. 4.2: Annual wind speeds with a resolution of 1 s/data from an offshore platform [C1].

many standard SCADA systems. However, 10-minute/data wind speeds inevitably
sacrifice the fluctuations during the time scale of 10 minutes, as shown in the zoom-in
box of Fig. 42. Ignoring these fluctuations might lead to an over optimistic life-
time. Therefore, apart from the originally measured 1-s/data, 10-minute/data and
1-hour/data mission profiles, a remodel 1-s/data profiles are also involved in the
study. The remodeled 1-s/data profiles is regenerated from 10-minute/data profile
based on the proposed method in [69].

Apart from the wind profile, a power conversion model is also mandatory to
translate wind speeds into power information, as shown in Fig. 4.1. The IEC power
curve [70] is one of the widely accepted methods, which is originally developed from
wind turbines. However, the IEC power curve only reveals the steady-state relation-
ship between wind speeds and output power. When this model is utilized into a wind
farm or conversion of high-resolution wind speeds, the steady-state model may lead
to some errors since the IEC power curve is difficult to model the dynamics. Alterna-
tively, a stochastic model [69] is proposed to convert the high-resolution wind speeds
(i.e., 1 s/data) into output power of a wind farm. The field data have validated this
model. Notably, when the wind speeds have a longer time scale, e.g., 10 minute/data
or 1 hour/data, the dynamic effects of the wind farm are not significant. The output
power of a wind farm is usually based on the IEC power curve directly [70].

Therefore, as listed in Table 4.1, five different mission profile resolutions are com-
posed of four different wind-speed profiles and two power conversion models. The
1-s/data wind speeds and the stochastic model are selected as the benchmark, since it
has the highest resolution and the power conversion model has been verified by a real
wind farm in [69]. The predicted lifetime results by the other four different mission
profiles are compared to the benchmark. The comparative investigation is aimed to
uncover the impact of mission profiles.
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Table 4.1: The Studied Five Different Mission Profiles [C1]

No. Mission Profiles Wind Resolution Power Conversion Model
1 STO1s (Benchmark) 1s/data Stochastic model [69]
2 IEC1s 1 s/data IEC power curve [70]
3 TIEC10min 10 minute/data IEC power curve
4 IEC1h 1 hour/data IEC power curve
5 STO1sREG remodeled 1 s/data Stochastic model

4.2.2 Impact of Mission Profile Resolutions on Predicted Life-
time

According to the flowchart of component-level reliability prediction as shown in
Fig. 4.1, the lifetime consumptions of IGBTs (S; and S;) and its free-wheeling diodes
(D1 and Dj) are shown in Fig. 4.3. The three major dominant failure locations, i.e., the
chip solder, baseplate solder, and bond wire, are denoted as CS, BS, and BW, respec-
tively. The consumed lifetime due to 1-s/data wind speeds and the stochastic model
is benchmarked. Compared to the results of 1-s/data profiles and the IEC power
curve (labeled as IEC1s), the overestimated lifetime consumptions reveal that the IEC
power curve induces excessive fluctuations with the high-resolution wind speeds.
This power conversion model calculates many illusive fatigues. The IEC power curve
is developed from the steady-state output power of wind turbines, where the time
scale of 1 s is commonly less than the time constant of the wind turbines and/or
farms. Therefore, the IEC power curve with 1-s/data wind speeds may provide a
misleading predicted lifetime.

On the contrary, as shown in Fig. 4.3, the predicted lifetime consumption with
10-minute/data and 1-hour/data wind speeds and the IEC power curve is underesti-
mated. This is because the mission profiles at the time scale of 10-minute or 1-hour
cannot involve a large number of temperature fluctuations within the time scale of
several seconds in-field operation, which leads to the ignorance the device degrada-
tion under the time scale. Therefore, mission profiles based on 10 minute/data or 1
hour/data may result in an over-optimistic reliability estimation.

When it comes to the remodeled 1 s/data wind speeds and the stochastic model
(labeled as STO1sREG), the predicted lifetime consumption is close to the benchmark
(labeled as STOLls). It reveals that the dynamics at 1 s can also be modeled by the
regenerated model. When the wind speed profiles at 1 s/data are not accessible in
practice, the regenerated high-resolution wind speeds are an alternative solution.

In summary, when applying the IEC power curve to convert the 1-s/data wind
speed mission profiles, the calculated abundant high-frequency temperature swings
do not exist in practice and thus lead to an overestimated lifetime consumption. By
contrast, 10-minute/data or 1-hour/data wind speeds and the IEC power curve are
challenging to model the temperature fluctuations at the time scale of seconds, which
might lead to an over-optimistic lifetime result. In addition, when 1-s/data wind
speeds are not accessible in practice, the remodeled 1-s/data wind speeds from stan-
dard SCADA 10-minute/data profiles are an alternative solution.
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Fig. 4.3: The consumed By lifetime per year due to wear outs of power devices (i.e., S, Sp, Dy,
and D) in an SM of the MMC given different mission profile resolutions (see Table 4.1), where
CS, BS and BW represent the chip solder, baseplate solder, and bond wire, respectively. (a) Sy,
(b) Dy, () S2, (d) Da. [C1]

4.3 Impact of Lifetime Model Selection

As shown in Fig. 4.4, a typical IGBT module consists of different layers, where
these layer materials have different expansion coefficients. When an IGBT module is
exposed to temperature fluctuations, the thermo-mechanical stress between materials
leads to the aging process of the connections, which eventually causes device failure.
Therefore, many lifetime models of power modules (i.e., the number of temperature
cycles) are developed as a function of the temperature swings (i.e., AT). In this in-
vestigation, annual wind speeds with a resolution of 1-hour/data are utilized. The
following part is going to discuss the impact of different lifetime model selections.

4.3.1 Typical Lifetime Models

As listed in Table 4.2, many lifetime models have been proposed to quantify the
relationship between the number of cycles to failure and the applied stresses. Model
1 is the well-known Coffin-Manson model [55]. The number of cycles to failure N ¢
is related to the temperature change AT. The model coefficients A and n are empir-
ical parameters that are dependent on the power cycling data. In reference [56], the
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Fig. 4.4: Physical structure of a typical IGBT module

effect of the temperature swings is explained by a stress-strain model. With a low
stress below the yield strain (AT is small), the produced energy only results in elastic
deformation. Thus, no damage occurs in the situation. On the contrary, when the
stress is above the yield strain, an irreversible deformation is induced and the mate-
rial enters into the plastic region. Thus, the parameter ATy in Model 2 represents the
elastic strain range, which depends on different materials and packaging technology.
If ATy is negligible, it can be removed from Model 2 and the equation turns to be the
Coffin-Manson model expressed in Model 1. Moreover, the LESIT project [71] in the
1990s reveals the influence of the average junction temperature T;;, on the number of
cycles. As a result, the Coffin-Mason model is modified via the Arrhenius approach
as Model 3, where kg is Boltzmann’s constant, and E, is the activation energy. Sim-
ilarly, considering the elastic strain range, Model 3 can be rewritten as Model 4. As
the next step, the N f—lifetime dependency was examined by other parameters, such
as power-on time t;, the current per wire bond I, the diameter of bond wires D, the
chip voltage class V, etc. One of the most representative ones is Bayerer’s model as
shown in Model 5 [58]. The corresponding Model 6 consider the elastic strain range. It
worth noticing that each lifetime model has its limitations and effective ranges. It thus
raises a question of how to select a lifetime model in the reliability assessment and the
corresponding effects. In order to investigate the impact of different lifetime model
selections, power cycling data from the manufacturer [72] is chosen as the benchmark
in the study. Based on an MMC system, the predicted lifetime results according to
the different lifetime models listed in Table 4.2 are compared.

4.3.2 Impact of Lifetime Model Selections on Predicted Life-
time

In the investigation, the manufacturer provides the By, lifetime power cycling
data. It means that the number of cycles where 10% of the modules of a population
fail. The predicted lifetime based on the benchmark and different lifetime models
is shown in Fig. 4.5. S; and D; denote IGBT, and its free-wheeling diode, and S,
and D, are IGBT, and its diode. The consumed By lifetime of S, is larger than S;
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Table 4.2: Commonly-Employed Cycle to Failure Lifetime Models.

Model Reference  Lifetime Models

1 (Coffin-Manson model) [55] Ny = AATT"

2 (General Coffin-Manson) [56] N = A(AT - ATy) ™"

3 (LESIT model) [46] Nf = AAT " - exp (k 5)

4 (General LESIT model) Ns = A(AT = ATy) " - exp ( £ )

5 (Bayerer’s model) [58] Ny = AAT™" - exp (%) 153 1B 785 DPs

6 (General Bayerer’s model) Ny = A(AT = ATy) " - exp (Tszm> 83 [B47Bs DPs
g 1.0E-00 = Benchmark
g 1.0E-01 H Model 1
2
=< roew = Model 2
g ; 1.OE-03 = Model 3
£ &' 1.OE-04 - = Model 4
2% 10805 | o
s ' ¥ Model 5
< 1.0E-06 -

S1.CS SI_BW SI BS DICS DIBW DIBS “Model 6

(a)

g 1.0E-00 B Benchmark
g _ 1.0E-01 B Model 1
=X 1.0E-02

E E 1.0E-03 - " Model2

< e ¥ Model 3
HE
S Loeos. " Model 3

S2.CS S2BW S2BS D2CS D2BW D2BS ¥ Model 6
(b)

Fig. 4.5: Comparison between By, lifetime consumptions based on the aging data from the
manufacturer (benchmark) and by six different lifetime models (S; and D; denote the IGBT;
and its diode in the SM, and S, and D, are the IGBT; and its diode, CS - chip solder, BW - bond
wire, and BS - base plate solder, see Table 4.2) [C2].

based on all the selected lifetime models. It is due to S, of the MMC has more inten-
sive thermal fluctuations than the other three power devices in an SM of the MMC.
In addition, for the chip solder of S; (labeled as S1_CS), the predicted lifetime con-
sumptions based on lifetime models are larger than the benchmark result (1.129x 1075
per year). Specifically, the commonly used Coffin-Manson model (i.e., Model 1) only
considers the amplitude of temperature fluctuations. The corresponding obtained re-
sult is approximately ten times the benchmark. For Model 2 with consideration of
the elastic strain range ATy, the predicted lifetime consumption (e.g., S1_CS) is ap-
proaching the benchmark. It indicates that many small temperature variations AT
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Fig. 4.6: Comparison of the lifetime consumption of the entire MMC system based on the six
different lifetime models (consider the wear out of the power semiconductor devices only) [C2].

only induce elastic deformation. Furthermore, Model 3 considers the impact of the
absolute temperature in the lifetime model (i.e., T in Model 3). For example, for
the same AT = 50°C, devices with the average temperature of 100°C typically have
more severe damages compared to devices under 50°C on average. As shown in Fig.
4.5, the predicted lifetime of S1_CS is close to the benchmark. When both ATy and
T, are considered in Model 4, the predicted lifetime is further improved compared to
the benchmark. These comparisons reveal the significance of both ATy and T,,. How-
ever, when Models 5 and Model 6 involve the power-on time t,;, large differences are
observed compared to the benchmark. In the comparative study of different lifetime
models, the resolution of mission profiles is 1 hour/data. The corresponding t,; is
one hour at least, which far exceeds the typical effective range of f,, during 0.1-60
s. In conclusion, the selection of lifetime models significantly affect the predicted
lifetime result. The selection of a specific lifetime model is necessary to consider the
applicability, limitations, and effective ranges of each parameter.

Moreover, the predicted lifetime consumption of the entire MMC system due to
wear outs is shown in Fig. 4.6. In this case, the studied MMC system has 72 SMs (i.e.,
144 IGBT modules). The obtained lifetime by Model 4 is the closet to the benchmark,
which means that both the elastic range ATy and absolute temperature significantly
affect the predicted lifetime. On the contrary, the effective range of power-on time f,,
should be carefully considered based on the applications.

In addition, the provided power cycling data of the IGBT module is By lifetime.
Based on the manufacturer provided the factors 0.90 (for Bs lifetime) and 0.70 (for By
lifetime) [72], the failure probability distribution due to device wear outs is shown
in Fig. 4.7. The benchmark indicates that the MMC system has 10% IGBT due to
wear-out failures within 10.8 years. Then, the predicted lifetimes based on Model 1
to Model 3 are 4.2, 6.0, and 6.7 years, respectively. For Mode 4 with consideration
of the temperature amplitude, elastic region and absolute temperature, the predicted
lifetime around 11.8 years is the closet to the benchmark. It can conclude again that the
elastic region and the absolute temperature are important to lifetime prediction. On
the contrary, Model 5 and model 6 consider more parameters including the power-
on time, but the predicted lifetime is smaller than one year. The large difference
compared to the benchmark is due to the power-on time of the application beyond
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Fig. 4.7: Cumulative distribution function of the end-of-life of the MMC due to the wear-out
fatigue of power semiconductor devices [C2].

the effective range of the lifetime model. Consequently, the lifetime model selection
should consider various factors as well as the effective ranges of each parameter.

4.4 System-level Reliability Assessment

Based on the aforementioned power loss models, thermal models, and investi-
gations of mission profiles and lifetime models. This part is aimed to establish a
mission profile-based lifetime prediction for the system-level of the MMC. In order to
fully consider the experimental parameters in Chapter 2 and validated thermal mod-
els in Chapter 3, the system-level lifetime prediction is based on the down-scale MMC
prototype (see Fig. 2.3).

4.4.1 Thermal Profiles and Static Annual Damage of Compo-
nents

According to the above comparative investigation of mission profiles with various
resolutions, one-year wind speeds with a sampling frequency of 1 Hz is adopted
here, as shown in Fig. 4.8. The corresponding converted active power profiles are also
shown in Fig. 4.8. The conversion process considers the dynamics of the wind farm.
The reactive power is set to be constant at 0.4 p.u. throughout the year.

Based on the established electro-thermal models in Chapter 3, the one-year mis-
sion profiles are converted into the thermal profiles for components as shown in
Fig. 4.9. The global ambient temperature is set as 28°C in the case. The local am-
bient temperature of SM6 and SM16 fluctuates around 38°C and 50°C, respectively,
as shown in Figs. 4.9(a) and (b). The local ambient temperature of SM16 is obviously
more severe than the SM6 in terms of the average value and fluctuations. Regarding
the junction temperatures of power devices, although the power losses of the four
power devices in an SM are significantly different from each other as discussed in
Chapter 2, the corresponding junction temperatures are not divergent remarkably.
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Fig. 4.8: One-year wind-speed mission profiles with resolution of 1 s/data and the corresponding
converted active power profiles [J4].

The device S, has the highest power dissipations, and its junction temperature is the
highest. The other three junction temperatures are close to each other. These phe-
nomena are due to the TCC effects of the thermal model as mentioned in Chapter 3.
Meanwhile, the varied local ambient temperatures affect the capacitor hotspot tem-
peratures, as shown in Fig. 4.9(c). The capacitor hotspot temperatures of SM16 are
more significant in both the maximum hotspot temperature and the temperature dis-
tribution. Comparing the obtained thermal profiles in SM6 and SM16, the SMs of
the MMC bear the different thermal stresses even if they have relatively equal power
losses.

Following, the temperature swings in the power devices induce repetitive thermo-
mechanical stresses, accumulated as fatigue, and finally also challenge the lifetime.
According to the above investigations of the lifetime model selection, the tempera-
ture swings, absolute temperature, and power-on time are affected significantly the
predicted lifetime results, and should be considered carefully. Combining the manu-
facturer provided data [57], the lifetime model for the selected IGBT module is

Bs
_ VB P2 ( fon
Ne = A(AT) -exp (ijax +273> (32)" @1)

where Nt is the number of cycles to failure, ATj is the junction temperature fluctuation,
ijax is the maximum junction temperature, ton is the power-on time, and A, B1, B2
and 3 are coefficients based on the power-cycling data. Based on [57], the parameters
are A = 1.42x10'?, By = —7.14, B, = 5154, B3 = —0.3. Notably, fon has limitations of
0.1s < ton < 60s.

The lifetime of Al-Caps is affected by the temperature stresses and the voltage
stress, as presented in [73] and [63], which is given by

T /™
Le=Lg-2™m - (—) , (4.2)
Up
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Fig. 4.9: Simulated temperature profile for the critical components (S1, Sy, Dy, D;, C;) and
local ambient temperatures for different SMs: (a) SM6, (b) SM16, and (c) capacitor hotspot
temperatures and its distributions when applying the annual wind speed mission profile [J4].
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prototype: (a) power semiconductor devices and (b) capacitors [J4].

where L. is the lifetime under the thermal stress T and voltage stress U, while Ly is
the lifetime under the reference thermal and electrical conditions Ty and Uy. n7 and
ny are fitting coefficients relying on different manufacturers and technologies. In the
case, the parameters has 1 = 10 and n, = 5 according to [73].

The total damage for a device is accumulated based on Miners rules [74] as

1
Dme =Y —%, 4.3)
8 ; N

where 7y, is the amount of total cycles with a specific stress, and Ny is the amount of
cycles till failure for the same stress. The end-of-life of a device is achieved when the
accumulative damage Dmg reaches one.

Then, the static annual damages due to wear-out of IGBT modules and capacitors
are shown in Fig. 4.10. The different SMs have various annual wear-out damages
regarding the power devices and capacitors, even the same IGBT module and ca-
pacitor are utilized in the prototype. As shown in Fig. 4.10(a), the total damage of
power devices in SM6 is only 0.1 x 107* per year, while the damage of SM16 is up
to 1.3 x 104 per year. Furthermore, the annual damages due to wear-out of the ca-
pacitors are much more severe than the power devices, as shown in Fig. 4.10(a). A
single capacitor in SM16 has damage of 1.7 x 10~2 per year, which is almost 100 times
the damages of the power devices. Moreover, the capacitor damages also vary with
different SMs. The devices in different SMs withstands significant different stresses,
which may induce a certain of SMs with shorter lifetime.
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Fig. 4.11: Monte Carlo simulations of the critical components in SM6 and SM16: (a) power
semiconductor devices and (b) capacitors [J4].

4.4.2 Monte Carlo Simulations and System-Level Failure Prob-
ability Calculation

The static damage is established based on the normal parameters. However, the
lifetime of a device is affected by many uncertainties in real applications, such as
the variation of device parameters, the lifetime model parameters, etc. Thus, it is
necessary to take the relevant uncertainties into account. Monte Carlo simulations
are carried out here. The measured parameter uncertainties of the used devices in
Chapter 2 and the varied lifetime parameters in (4.1) and (4.2) are considered. Con-
sequently, the obtained Monte Carlo results of different devices in SM6 and SM16 are
shown in Fig. 4.11. For the power semiconductor devices as shown in Fig. 4.11(a),
the device S, has always the largest annual damage distribution, which is centered
around 5x 10~ per year for SM6 and 5x10~* per year for SM16, respectively. More-
over, the damage distributions of all-power devices in SM16 are larger than those in
SM6. It reveals the significant impacts of the different local ambient temperatures.
Additionally, the annual damages of capacitors in both SMs are shown in Fig. 4.11(b).
The capacitor damages are centered around 1x10~2 per year and significantly sur-
pass the power semiconductors. It implies the capacitor has a shorter lifetime than
the power semiconductor devices in an SM.

Accordingly, the Monte Carlo histograms are fitted with the Weibull distribution

o320,

as
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\P
F(t)=1- ), (4.5)

where § and 7 are the shape and the scale parameters, respectively. f(t) is the prob-
ability density function in terms of time ¢, and F(t) is the accumulated failure proba-
bility.

Based on the aforementioned reliability information of the devices, the system-
level reliability assessment of the MMC follows the steps from the SM-level, arm-
level, to entire system. Each level of reliability analysis is calculated via the Reliability
Block Diagram (RBD) as shown in Fig. 4.12. For the reliability of an SM, all the power
devices and capacitors are serially connected in the RBD. It implies any failed single
device will lead to the failure of the SM. Therefore, the corresponding failure function
Fsyvi and reliability function Rgy; of the i-th SM are given by the component failure
function Feomj

6
Fomi(t) =1— H [1 - Fcomj (t)] ’ (4.6)
=1
6
Romi(t) = [ T[1 = Feomi ()] - (47)
i=1

The component-level and corresponding SM-level failure probabilities of SM6 and
SM16 are shown in Figs. 4.13(a) and (b), respectively. The failure probabilities of
IGBTs/diodes of both SMs are almost zero. By contrast, the failure probability of
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the SM level to the arm level and (b) from the arm level to the system level [J4].

capacitors rapidly increases. It implies that the power semiconductor devices may
have excessive design margins in this case. The reliability of the capacitors dominates
the lifetimes of SMs. The By lifetimes (1% devices fail) of the capacitors in both SMs
are within 50 and 20 years, respectively. Simultaneously, the By lifetimes of SM6 and
SM16 due to wear out are within 42 and 17 years, respectively.
Afterwards, the reliability analysis of the entire MMC system is shown in Fig. 4.12(b).

In each arm, a 3-out-of-4 redundancy is applied to improve the reliability perfor-
mance. Taking the first arm as an example, which consists of SM1, SM7, SM13 and
SM19, the failure function of the arm is expressed as

Farm1 (£) = 1 — Rswm (£) Rsmy () Rsmia (f) Rsmao (£)
— Fom1 (t) Romz (t) Rswa (1) Rawno (¢
— Romi () Fomz (£) Rsms () Remo (¢
— Rsw (#) Romy () Fsma (£) Ramo (¢
— Rsmi(t)Rs (

)
) (4.8)
)
M7 (1) Rsmia (t) Fsmio (1)
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Table 4.3: Comparison of the Down-scale Prototype and Full-scale MMC Systems and Corre-
sponding References [J4].

Categories Down-scale prototype  Full-scale MMC
Power semiconductors  IGBT power modules f é‘?;?[’;;]k IGBT devices [75, 76]
Capacitors Al-capacitors Film capacitors [63, 76]
Magnetic components Iron-core inductors Air-core inductors [78]
Cooling methods Forced air-cooling Liquid cooling [79]

Optical fibers [80]
Other components None Control board [81]

Mechanical parts [82]

Furthermore, the system-level reliability is also a serial connection of six arms. The
failure function, thus, is estimated by

6
Fsystem(t) =1- H [1 - Farmi (t)] . (4-9)
j=1

The corresponding arm-level and system-level reliability results are shown in Fig. 4.14.
In Fig. 4.14(a), four different SMs have variable failure probabilities. Due to the re-
dundant structure, the failure probability of the arm is smaller than all the consisting
SMs in the first 25 years. After the 25 year, the unreliability is soaring and surpasses
the failure probability of SM4. The B; lifetime of the arm is within 32 years. On the
other hand, Fig. 4.14(b) depicts reliable relationship between each arm and the sys-
tem. Arm 1 has the lowest failure probability while Arm 4 has the worst reliability in
the entire system. Since the whole system is a serial connection, the reliability of the
entire system is worse than all arms. The By lifetime of the MMC is within 28 years.
So far, the reliability assessment of the whole MMC platform has been established,
which covers from single components to the composition of the SM or the arm. Al-
though the annual damage of a single power device is as low as 1x 10~ per year, the
B, lifetime of the entire system is within 28 years only.

4.4.3 Discussion

This chapter limits its scope to the wear-out failure of IGBTs and capacitors. It
provides a potential method to size IGBTs and capacitors according to mission profile
based reliability prediction. It also demonstrates a systematic methodology to per-
form reliability analysis from system-level modeling to component-level modeling,
and then back to the system-level reliability. The same method could be applied to
other types of components.

Table 4.3 lists the differences between the down-scale prototype and full-scale
MMC systems. A typical full-scale MMC utilizes 4.5 kV /1.2 kA power modules [9],
instead of the power module of 1.2 kV/50 A in the prototype. Meanwhile, other op-
tions for power devices usually have press-pack IGBTs, IGCT, etc [75-77]. For passive
components, full-scale MMC systems use more high-power film capacitors as they
provide higher voltage ratings and better reliability performance [63]. The different
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failure mechanisms are necessary to be considered in terms of different packaging
technologies and devices.

Moreover, single-event related failure of MMC is also an important part to be
considered in the design and system-level reliability analysis, such as liquid cooling
systems [79], optical fibers [80], control boards [81], mechanical parts [82], etc. It
relies more on the field operation experiences of the specific type of MMCs or similar
products. From the design perspective, proper protection strategies and robustness
design are beneficial to the reduction of this type of failure.

4.5 Summary

Mission profile-based lifetime prediction for the MMC has been discussed in the
chapter, focusing on the impact of mission profiles, the selection of lifetime models,
and the system-level reliability assessment.

For the mission profile investigation, annual wind speeds with four different res-
olutions are considered, i.e., 1 s/data, 10 minute/data (standard SCADA system), 1
hour/data, and remodeled 1 s/data. In addition, the wind profiles are converted into
power information via two different power conversion models, namely IEC 61400-12-
1 power curves and the stochastic model. The predicted lifetime results are compared.
In conclusion, the wind profile with 10 minute/data and 1 hour/data are not suffi-
cient to represent the thermal dynamics in the range of seconds, which might result in
overoptimistic lifetime estimation. Moreover, IEC 61400-12-1 power curve is limited to
convert high-resolution wind profiles (e.g., 1 s/data). The remodeled 1-s/data wind
profile is able to achieve an acceptable predicted lifetime result.

The lifetime model study compares six commonly used models to the manufac-
turer provided aging data. The lifetime models with consideration of the elastic de-
formation and the absolute temperature (e.g., the mean temperature) can improve
the accuracy of the predicted lifetime. However, the consideration of power-on time
should refer to the effective range. The lifetime model selection should be careful to
consider the power cycling ranges.

Finally, based on a 15-kVA experimental prototype, this chapter provides a system-
level methodology to assess the reliability of the MMC, covering the critical compo-
nents, subsystems, and the entire system. The diverse annual damages among devices
and SMs comprehensively illustrate the impacts of the uneven parameters and the
complicated thermal behaviors in the MMC. The annual damage of a single compo-
nent is as low as 1x10~° per year, but the accumulated failure (%) due to the wear out
of IGBTs and capacitors in the MMC is 1% at 20 years of operation. This phenomenon
emphasizes the severe reliability challenges in the MMC in terms of components and
system integrations. The results also provide a guideline for the sizing of critical
components and the physical layout of SMs.
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Chapter 5

Conclusions

This chapter summarizes the results and outcomes of the research during the
Ph.D. study. The main contributions and research perspectives are discussed.

51 Summary

In the Ph.D. project, the main research focus is on evaluating the reliability perfor-
mance of MMCs. Several challenging issues for power loss models, electro-thermal
models, lifetime prediction methods have been discussed, and corresponding solu-
tions are proposed. In the following, a summary of this Ph.D. thesis is presented.

In Chapter 1, the demands and challenges for MMCs have been discussed. As the
MMC plays a critical role in HVDC transmissions, one of the significant challenges is
how to design an MMC with compromised design margins and costs while fulfilling
a specific reliability target. This target relies on a system-level reliability assessment.
The power loss models, electro-thermal models, and lifetime prediction methods are
prerequisites in the process and meanwhile associated with many challenges.

One potential problem is the power loss model of the MMC involving many com-
ponents (e.g., IGBTs, capacitors, inductors, bleeding resistors, etc.), which consume a
large computational burden if they are analyzed for long-term serve time. Moreover,
power loss evaluation requires much device-level electrical information, such as cur-
rents and voltages of devices, modulation indexes, etc. However, this information is
usually inaccessible for reliability evaluation in an initial design stage, where mission
profiles commonly provide the system-level information only (e.g., active/reactive in-
formation at the PCC). Therefore, from the perspective of system-level reliability anal-
ysis of the MMC, power losses evaluation requires computational efficiency, involving
all critical components, and utilization of system-level specifications only. The solu-
tions to fulfill these requirements have been discussed in Chapter 2. A system-level
power loss analytical power loss model has been established. All critical components
in the MMC are covered, which considers the impacts of uneven device parameters
and variation of mission profiles.

Chapter 3 discussed the electro-thermal model of the MMC based on the different
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responses described in the frequency domain. The periodic and non-periodic profiles
are discussed separately. For periodic profiles, one of the challenges is to model the in-
herent thermal unbalance computational-efficiently while still keep a small error. This
chapter proposes an equivalent power loss profile to model the varied periodic power
loss profiles. Meanwhile, an error model is established to simplify the proposed
equivalent power loss profile within a quantitative error. Moreover, non-periodic
profiles involve many components, SMs, and systems. The time scales are across
seconds, minutes, and even longer, which inevitably induce complicated TCC effects
among them. Therefore, the junction/hotspot-to-local ambient thermal model and
local ambient-to-global ambient thermal model are investigated in the Ph.D. project.
The hierarchical thermal model considers the TCC effects among devices and subsys-
tems comprehensively. Apart from the two different thermal profiles, TIMs have also
been discussed from the impact on the predicted lifetime and characterization model.
The corresponding results show a significant impact of TIMs.

Finally, reliability performance is evaluated in Chapter 4. The resolution of the
mission profile is investigated at first. The annual wind speeds with 1 s/data are
recommended considering the high dynamics of power devices. Afterwards, a com-
parative study has been carried out on the lifetime model selection. It reveals that
the commonly used Coffin-Manson model may lead to a significant difference com-
pared to the benchmark from power cycling data. Based on the discussions above, a
system-level reliability prediction is conducted. Different stresses in various SMs and
redundancies are discussed. The outcomes serve as a first step for developing realistic
reliability analysis and model-based design methods for full-scale MMCs in practical
applications.

5.2 Main Contributions

The main contributions of the Ph.D. projects are summarized as follows:
A) System-level Power Loss Model for MMCs

e The proposed power loss model covers all major components, including IGBTs,
capacitor, inductors, bleeding resistors;

o The proposed analytical model is computationally efficient, and based on the
active and reactive power information at the PCC;

o The analytical process considers the component tolerances.

B) Comprehensive electro-thermal model of MMCs

o Thermal profiles of typical power electronic systems are classified into periodic
and non-periodic profiles. The corresponding thermal estimation requirements
are discussed based on the frequency-domain analysis;

e An equivalent power loss profile is proposed to consider the inherent thermal
unbalance of the MMC;

e An error model is proposed to simplify the thermal estimation of periodic pro-
files within a quantitative error level;
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o A system-level thermal model is proposed based on the MMC prototype, which
comprehensively considers the TCC effects among devices, different subsys-
tems, and also the impact of the cabinet and layout;

o The impact of the TIM is also investigated from the perspective of reliability;

e An empirical model is proposed to characterize the thermal resistance of TIMs
under realistic conditions.

C) System-level evaluation of MMCs

o The impact of mission profile models is investigated, which points out the re-
quirement of high-resolution mission profiles and appropriate power conver-
sion models;

e The impact of lifetime model selection is investigated, which emphasizes the
significant impact of the lifetime model selection;

o System-level reliability evaluation is carried on the MMC, which considers the
uneven stresses of different SMs and including also the redundancies. The
outcomes serve as a first step for developing realistic reliability analysis and
model-based design methods for full-scale MMCs in practical applications.

5.3 Research Perspectives

Although several aspects of the reliability evaluation of MMCs have been investi-
gated in this Ph.D. project, there are still some challenges requiring to be addressed:

o The proposed power loss model has been verified by a 15-kVA down-scale pro-
totype, where the major components are Si-based IGBTs, Al-Caps, and iron-core
inductance. However, for the full-scale MMC, there is still a lack of experimen-
tal verifications. As the full-scale MMC may use different types of components,
a practical validation is necessary when extending the proposed method to the
full-scale MMC.

e A comprehensive thermal analysis of the MMC is provided from different time
scales (i.e., periodic and non-periodic profiles) to different spatial scales (e.g.,
device level, SM level, system-level). However, the thermal model requires com-
plicated FEM simulations. A simplified analytical thermal model is beneficial
for reducing the computational burden.

o The reliability evaluation considers the wear-out failure of IGBTs and capaci-
tors. However, many failure modes for MMCs, such as random failures, soft-
ware failures, cooling systems, gate drivers, optical fibers, and the failure of
other components, are not considered. It relies more on the field operation
experiences of the specific type of MMCs or similar products. From a design
perspective, proper protection strategies and robustness design are beneficial to
the reduction of this type of failure.

o The identification of parameter sensitivity is necessary, which includes device
parameters, thermal-model parameters, and lifetime model parameters.
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e Validation of a full-scale SM is important, for example, accelerated tests.

o [tis essential to apply the proposed method in varied conditions, such as varied
control commands, environmental parameters, etc.
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