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1 Introduction

At the beginning of the 20th century, mass mobility with automobiles started in
North America. Until the second world war almost 50 million cars were registered.
Today, an exponential growth led to an estimated number of registered cars world-
wide of around one billion [1][2] with 90 million new cars sold per year [3]. It is to
be expected that this strong rate of growth will continue as people living in large
emerging markets, e.g. China, India and Brazil, seek for individual freedom and
mobility.

The increasing number of automobiles causes serious problems for environment and
human health. Combustion engines of conventional cars significantly contribute
to the rising CO,-concentration in the atmosphere. In Germany the share of the
transport sector in the total CO,-emissions was 18 % in 2014 of which 95 % were
caused by road traffic [4]. Moreover, the combustion process is never complete
and clean so that many additional pollutants are generated. The expected climate
warming and health issues are discussed extensively in public during the last years.

Fossil fuels are rapidly depleted by the large demand from power plants and engines
which led to a significant price increase of crude oil since the 1970s (Fig. 1.1). After
the worldwide financial crisis in 2008 and by the exploitation of new gas fields,
e.g. by fracking, after 2014 this development was stopped for the time being [5].
However, it is expected that there will be a shortage of petroleum resources in the
near future even though it is not possible to exactly forecast peak oil [1]. Both
environmental and economical aspects demand for alternative drive mechanisms for
mass mobility. In the 1970s the development of such alternatives started leading to
the introduction of cars powered with greener fuels, such as liquid petrol gas and
natural gas.

The impact of emissions from automobiles on the human health became a subject of
public discussions in the USA during the 1970s. The outcome were strict emission
laws that forced the vehicle manufacturer to develop techniques for cleaner exhaust
gases where the state of California led the way. In fact, California issued a regulation
for zero emission vehicles (ZEV) that established a local electric vehicle boom during
1996-2003. In 2003, the ZEV-regulations were replaced by a partial zero emission
vehicle (PZEV) standard that also allowed hybrid electric vehicles (HEV). Toyota
that already had introduced the Prius in 1997 highly benefited from this and
dominated the HEV market for a long time.

The trend towards electromobility, initiated by the short Californian electric vehicle
boom and placed on a broad basis by HEV from Toyota and also Honda, spread
to Europe when the EU Commission started to regulate the CO,-emissions of
automobiles in 1995. Since then, more and more activities on developing EV and
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Figure 1.1: Oil price from 1861 to 2015, from [5]

HEV are ongoing. HEV combine combustion engine and electric motor and optimize
the load sharing. Additionally, auxiliary power units are driven electrically. By this,
HEV and plug-in HEV (PHEV) are currently the most fuel-efficient cars.

Electrical loads in automotive systems initially evolved from lighting and battery
charging towards infotainment, sensors and safety. All these loads can be supplied
from the 12V voltage level. In modern HEV auxiliary power units, such as gener-
ator /starter, electric climate compressor, electric roll stabilization, steer-by-wire,
electric pumps, etc, have an electrical demand in the kW range. This makes the 12V
voltage level too low due to the high currents that would flow. Therefore, the 48V
voltage level was introduced. For HEV with a strong electric traction motor and, of
course, for pure electric vehicles this voltage level would require again current levels
well above 500 A. Instead, these types of vehicles are usually built with battery
systems up to around 400 V. Recently, Porsche announced to introduce 350 kW
chargers at 800V to significantly decrease the charging time of EV [6].

The ongoing electrification of more and more power units in a rising number of
automobiles comes along with a higher demand for power electronics. Power
electronics is necessary to convert electric energy from one form into another with
the means of power semiconductor switches. In an EV or HEV this comprises the
conversion from AC to DC (e.g. on-board charger), from DC to DC (e.g. transfer
of energy from one voltage level to another) and from DC to AC (e.g. power
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an electric motor from the battery). At power ratings of several kW and higher,
semiconductor switches packaged in power modules are predominantly used. In
particular, MOSFET (metal-oxide-semiconductor field-effect transistor) and IGBT
(insulated gate bipolar transistor) are the preferred types of power semiconductors.
For low voltages MOSFETSs are advantageous due to their low on-resistance and fast
switching characteristics. Above some hundreds of volts IGBTs are usually used
because they can realize high blocking capability while maintaining comparatively
good conduction performance.

Power modules were originally developed for industrial applications. However, in
the automotive sector the environmental conditions, size and weight requirements
are much more severe. Vibration, dust, humidity, extreme absolute temperatures
and large temperature cycles are challenging factors affecting the reliability of power
modules for automotive applications. Moreover, limited space within the HEV
engine compartment and, consequently, size reduction of all components leads to
an increasing power density, which finally results in even higher temperatures.

The reliability requirements that arouse from automotive environmental conditions
cannot be fulfilled with the standard packaging technologies of industrial power
modules. Hence, alternative solutions have to be found for building reliable power
modules for automotive applications.

1.1 Objective of the work

The trend towards electromobility is forcing automobile manufacturers as well as
suppliers of power modules to develop new packaging technologies to fulfill the
increased reliability, space and low-weight requirements. A variety of approaches
is under development and testing, but until now there is no standard automotive
power module concept. This work focuses on two of these approaches of which one
is the use of high-current printed circuit boards (PCB) as an embedding platform
for power semiconductor chips. Chip embedding technologies are well-established
in low power applications and are approaching a maturity level that makes them a
possible candidate for automotive power electronics. The second approach is the
press-pack technology that has been used for many years in high-power applications.
The superior reliability of its form-locking chip contact is a promising property to
meet the automotive requirements.

A press-pack power module and several versions of PCB based power modules are
investigated and compared to a state-of-the-art power module in multiple domains
to evaluate the suitability of the new power module concepts for automotive appli-
cations. Prototypes of some of the power modules were available for measurements
to create a database for the comparison and to validate simulation results. Special
focus is on the use of the RC-IGBT (reverse-conducting-IGBT) within the differ-
ent types of power modules. This new device offers some advantages compared
to a standard IGBT and it is elaborated to what extend the different packaging
technologies can make use of these advantages.



4 1.2 Outline

1.2 OQutline

This section gives an overview of the individual chapters.

Chapter 2: Fundamentals

The understanding of power electronics packaging requires a fundamental knowledge
about heat transfer mechanism. Besides this, two common models for reliability
calculations are introduced, as well as the RC-IGBT. Finally, the influence of
parasitics in power modules on the transient behavior of power semiconductors is
explained.

Chapter 3: Power Electronics Packaging

Chapter 3 gives an overview of the main well-established packaging technologies.
The evolution of power modules from the first power module to the state-of-the-art
is outlined together with its impact on the lifetime of power modules. The chapter
continues with a review of chip embedding technologies which are new in the field
of power electronics. It concludes with the requirements in automotive applications
that are relevant for power electronics packaging.

Chapter 4: Power Module Concepts for Automotive
Applications

This chapter starts with a presentation of the power module concepts that are
investigated in this work. The thermal behavior of these concepts is studied
by simulations. Prototypes of three of the module concepts allow to verify the
simulation results by thermal impedance measurements. A main goal of using
chip embedding technologies for power modules is to realize a very low dc-link
stray inductance. During the design phase of the prototype this was addressed by
electrical simulation and optimization of the geometry. The electrical behavior of
the available module prototypes is characterized in detail by doing extensive double
pulse tests and measuring the EMC performance.

Chapter 5: System Level Implications

The thermal and electrical characteristics of the module concepts that were obtained
in chapter 4 are used for a comparison on system level. Two typical topologies of
automotive converters are simulated to examine the respective transient junction
temperature characteristics and to deduce the maximum power density that can be
achieved with each module concept. Special focus is on the discussion of the benefits
when using RC-IGBT against the conventional configuration with separated IGBT
and diode chips.



2 Fundamentals

2.1 Heat transfer

Heat transfer describes the exchange of thermal energy between physical systems.
The thermal energy is transported in form of a heat flow from a region of high
temperature to another region of lower temperature. The three fundamental
mechanisms of heat transfer are conduction, convection and radiation.

2.1.1 Conduction

Heat transfer by conduction is the transportation of energy from particles with
a higher energy to particles of less energy by vibrating against one another. In
solids, conduction is the most dominant mechanism of heat transfer. In steady-state,
conduction is described by Fourier’s law which is the analogue of the Ohm’s law in
electricity. Fourier’s law in integral form is

Qcond =\ ﬁVT : d_1>4 (21)

where

Qcond = amount of heat transferred per unit time in W
A = materials thermal conductivity in W/mk

VT = temperature gradient in K/m

dA = oriented surface area element in m?

Integrating the above differential equation, gives the heat flow for a 1-D geometry
as depicted in Fig. 2.1

AT

Qcond =-)-A- E (22)

where
A = cross-sectional surface area in m?

AT = Ty — T, temperature difference between the ends in K
Az = distance between the ends in m

When the temperature of an object changes as a function of time, Fourier’s law is
not valid anymore. The analysis of such systems is more complex and is usually
done with FEM (finite element method) simulation tools. The heat transfer from
chip to heat sink in a power module is a conductive effect.
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Figure 2.1: One-dimensional heat transfer by conduction through a solid

2.1.2 Convection

Convection is a combination of conduction and heat transfer by moving a gas or a
fluid. Convective heat transfer is distinguished into:

e Free, or natural, convection: fluid motion is caused by buoyancy forces
resulting from density variations due to variations of temperature in the fluid

o Forced convection: fluid motion is created externally by a pump or a fan

The equation that describes the heat flow from surface A to ambient is similar to
the conductive heat transfer equation (Eq. 2.2). However, it is a surface effect so
that no geometric thickness is contained:

Qconv =—a-A-AT (23)

where

Qeonv = amount of heat transferred per unit time (in W)

a = heat transfer coefficient in W/m2k

A = surface area in m?

AT = temperature difference between surface and ambient in K

The heat transfer from a power-modules heat sink to ambient is a convective effect.
The heat transfer coefficient a depends on the type of fluid, fluid velocity, surface
geometry, temperature difference, etc. Typical values of forced convection with
fluids range from 50 — 20000 W/m?K [7].

2.1.3 Radiation

Heat transfer in a power module is almost completely described by conduction and
convection. Thermal radiation can usually be omitted. For the sake of completeness
it is briefly explained, though. Thermal radiation is energy emitted in form of
electromagnetic waves. It occurs in a vacuum or any transparent medium. The
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radiated heat Qyaq from a body with surface A and emissivity e is calculated by the
Stefan-Boltzmann law:

QradZE'A'U'T4 (24)

where

T = absolute temperature of the body in K
o = Stefan-Boltzmann constant (5.67 - 107 W/m2k4)

Based on this the radiative heat transfer from one surface A; to another surface A,
can be calculated by:

Qrad:€eﬁf'A1‘0"(T14—T24) with €eff = 7

(2.5)
ata (G-

2.1.4 Thermal equivalent circuits

The physics of heat transfer by thermal conduction is very similar to that of electrical
engineering. For example, heat sources in thermal engineering are just like current
sources in electrical engineering and a temperature difference corresponds to an
electrical voltage. The basic analogies are listed in table 2.1.

Table 2.1: Analogies between thermal and electrical parameters

Electrical parameter Thermal parameter

Potential difference (=voltage) V' in V. Temperature difference AT in K

Current [ in A Heat flow Q in W
Electrical resistance Re in V/a Thermal resistance Ry, in K/w
Electrical conductivity oe in 5/m Thermal conductivity A in W/mk
Electrical capacitance Cy in As/v Thermal capacity Cy, in Ws/k

The thermal resistance of a homogeneous body with uniform cross section can be
derived from the conductive heat transfer equation (2.2)

AT 1 Az

Qcond B A A
In steady-state all systems can be described by means of a thermal network that
consists of thermal resistances. However, transient effects cannot be modeled by
thermal resistances only. Changing temperatures inside a solid require the use of

thermal capacities. A thermal capacity functions as an energy storage. It describes
the amount of thermal energy () stored upon each change in temperature:

(2.6)
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AQ
AT
The thermal model of an arbitrary solid body can be created by replacing lumped
geometric elements with their corresponding thermal resistance and capacity. With
this approach a 3-D equivalent circuit of the body is built. As power modules are
usually constructed by a layer stack of different materials, a 1-D model is often
sufficient to describe the module with satisfactory accuracy. This model can either
be a Foster or a Cauer model. The 1-D Cauer model can be derived by replacing
each layer by one corresponding RC-element and connecting them in series as shown
in Fig. 2.2. The voltage source T, stands for the ambient temperature which can, for
example, be the cooling fluid temperature. 7j is the temperature of the heat source
which in a power module is usually the chip that generates the losses Ps. Due
to this physically correct approach using geometry and material data, the Cauer
model is able to simulate not only the chip temperature but also temperatures of
the intermediate layers [8].

Cp = (2.7)

'TJ

loss 132 R3
./

ﬁ T 7T CW

fl\

Figure 2.2: Thermal equivalent element circuit (Cauer model)

The Foster thermal equivalent network is shown in Fig. 2.3. It represents a partial
fractional division of the thermal transfer function of a system. Its mathematical
representation as a thermal impedance Z;,, depending on the time ¢, is very simple
and can be described in a closed form (Eq. 2.8). This makes it easy to determine
the equivalent elements by means of numeric fitting tools.

Zon (t En: <1 - eRo> (2.8)

=1

In contrast to Cauer networks, the internal structure of Foster networks is never
related to the real physical structure. Therefore, the internal nodes cannot be used
to describe the temperatures of intermediate layers. Furthermore, Foster networks
cannot be extended, e.g. to add a heat sink model to the thermal model of a power
module [9]. When deriving Foster models it is always mandatory to measure the
thermal transfer function of the complete system.
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ll o 3

Figure 2.3: Thermal equivalent element circuit (Foster model)

2.2 Reliability

Thermal cycles, caused by varying load and environmental operating conditions,
induce high mechanical stress in the interconnection layers of power modules due to
the different coefficients of thermal expansion (CTE), leading to fatigue and growth
of micro-cracks in the bonding materials. The occurring stress and strain can be
described by the van-Mises-stress (equivalent tensile stress) which is a scalar stress
value that can be computed from a three-dimensional stress tensor [10]. As a result
of the stress, the lifetime of power modules can be severely limited in practical
applications. Due to this, lifetime tests are done to evaluate the durability of new
packaging technologies and to validate the expected lifetime of power modules
before entering series production. Usually it is required to reduce the testing time
significantly compared to the product lifetime. Therefore, accelerated tests at
elevated temperatures and increased temperature cycles are done. The acceleration
factor At can be calculated using the Arrhenius or the Coffin-Manson law depending
on the accelerating effect.

2.2.1 Arrhenius model

The Arrhenius model is based on the molecular motion within chemical reactions.
Reaction rates increase at increasing temperatures and decreasing activation energy.
This correlation was first found by J. H. van’t Hoff in 1884 [11] and interpreted by
S. Arrhenius in 1889 [12]. The Arrhenius model is applicable if elevated temperature
is the accelerating stress and potential failures depend on molecular activity. Using
the Arrhenius model, the acceleration factor is [13]

Ea (1 _ 1 L
dp = o B (EBA) _ L (2.9)
Lra

where

At = thermal acceleration factor (dimensionless)

L1, = lifetime under normal operation temperature in hours
Lt = lifetime at elevated test temperature in hours

T, = normal operation temperature in K
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Ty = test temperature in K
E\ = activation energy for the particular failure in eV
k = Boltzmann’s constant (8.623 - 107> <V/k)

The activation energy for different classes of failures can be found in comprehensive
tables [14]. A good general activation energy for many classes of failures is 0.6 eV,
which corresponds to the rule of thumb that every 10 K temperature rise cuts
lifetime into half.

2.2.2 Coffin-Manson model

A correlation between the number of cycles to failure and the magnitude of induced
stress was found independently by L.F. Coffin Jr. in 1954 [15] and S.S. Manson in
1953 [16]:
Nt - (Aey)? = Cy (2.10)
where
Nt = Number of cycles to failure

Ag, = Plastic strain
(7 = Proportionality constant of the respective material

Since the plastic strain Ae, is proportional to the magnitude of the temperature
cycle, Eq. 2.10 can be rewritten as:

Ni- (AT)? = C, (2.11)

where

N¢ = Number of cycles to failure
AT = Magnitude of the thermal cycles
C5 = Proportionality constant of the respective material

By increasing the magnitude of thermal cycles compared to normal operation the
acceleration factor Aoy is

~(ATA\? AN,
Acm = (ATu> = AN, (2.12)

where

Acm = acceleration factor for number of cycles (dimensionless)

N, = number of cycles to failure under normal operation temperature (di-
mensionless)

Nia = number of cycles to failure at increased thermal cycling (dimensionless)
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AT, = magnitude of thermal cycles during test in K
AT, = magnitude of thermal cycles during normal operation in K
E = activation energy for the particular failure in eV

2.3 Reverse conducting IGBT

In voltage source converter topologies IGBTs can only be used with an anti-parallel
diode to provide a free-wheeling path for the inductive currents. But it is also
possible to integrate the diode monolithically into the IGBT structure by building
nt-zones into the p-layer on the collector side (Fig. 2.4). This n*-zone establishes

a diode together with the p-body, consequently, enabling reverse conduction of the
IGBT (RC-IGBT).

Emitter Gafe
anti-latch p+ '
body
diode
n emitter
p emitter %T—‘
Collector

Figure 2.4: Semiconductor structure of an RC-IGBT with trench gate [17]

The main advantage of an RC-IGBT is the possible reduction of silicon area.
Thermal calculations of a three-phase inverter show that the RC-IGBT requires
approximately the same chip size as a normal IGBT [17]. Hence, the silicon area
of the free-wheeling diodes (FWD) can be saved. The advantage of the RC-IGBT
regarding chip size is even more significant in a bi-directional dc-dc converter.
During operation in buck mode, only the high-side IGBT and the low-side diode are
used. Whereas, in boost mode the complementary elements are active. Hence, only
50 % of the silicon area is used for cooling. Against this, the RC-IGBT also uses
the chip area of the non-active elements as an additional cooling path to reduce the
thermal impedance as shown in Fig. 2.5.

RC-IGBT were initially applied in lamp ballast applications with ratings of 600 V
and 1 A because of the low requirements on the diode [18]. For common hard-
switched converters the turn-off characteristic of the diode has to be optimized.
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Single chips
IGBT diode
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Buck mode
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Low-side
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Figure 2.5: Chip area used for cooling in de-de converter (buck mode)

The challenge regarding this is that the highly doped p™-region of the IGBT leads
to a snappy diode characteristic. Still, the doping can not be reduced because
a high doping is mandatory for the short-circuit capability of the IGBT [17]. A
concept to overcome this issue is introduced in [19], [20]. It is shown that by using
several means both devices can profit from the integration of the other. Further
improvements are made by developing a Bi-mode insulated gate transistor (BIGT)
where a part of the chip is processed with a continuous p-collector zone [19]. A
1,200V class IGBT was developed by Fuji showing the same performance compared
to their present generation of conventional IGBT and FWD [21].

2.4 Electrical parasitics in power modules

The flow of energy in a power electronics circuit is controlled by power semiconduc-
tors that turn current on and off. Voltage source inverters (VSI) work with inductive
loads that sustain the current after being turned off by the power semiconductor.
The current has to commutate to an alternative path which is offered by the so-
called free-wheeling diode (FWD). When the power semiconductor turns on again
the current commutates back. During the switching transition, the current in the
commutation cell changes so that the parasitic inductance of the commutation cell
has to be magnetized and demagnetized, respectively. The effects of this inductance
on the switching characteristics are:

« a voltage dip across the IGBT during turn-on
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« a voltage spike across the FWD when the current goes back to zero after
reaching the reverse-recovery peak

 a voltage spike across the IGBT during turn-oft

« oscillations between the parasitic inductance and parasitic capacitances or
the dc-link capacitance

All these are unwanted effects that can even destroy the power semiconductors in
case of voltage spikes that exceed the blocking capability of the device. Moreover,
not only the voltage shape but also the current shape is influenced by the parasitic
inductance. Bayerer reports of an IGBT that changes to much higher % when
introduced into a circuit with larger parasitic inductance [22]. The higher voltage
spike applied to the IGBT during turn-off leads to an earlier removal of charges
from the device. Consequently, the tail current disappears. To maintain a soft
switching behavior under these circumstances the IGBT has to be equipped with

more stored charges causing higher losses.

This is why one main goal of power circuit design is the minimization of the parasitic
commutation cell inductance, which is also called dc-link inductance. When power
modules are used, this means a minimization of the inductance of the power module
itself as well as a low-inductive connection of the dc-link capacitor. Papers dealing
with the minimization of the inductance of wire-bond power modules show that
there is room for improvement by re-arranging the chips on the DCB (direct copper
bonded) [23], changing the geometry of Cu tracks and terminal leads [24][25] and
integrating gate resistors and clamping capacitors into the package [26]. One of the
most successful wire-bond module designs in terms of low-inductivity realized a
dc-link stray inductance of below 4 nH with 75V MOSFETs and a current rating of
750 A by paralleling seven chips. These measures can significantly reduce parasitic
inductances but for high speed switching devices using wide-bandgap materials a
more drastic reduction is necessary which is not possible using wire-bond power
modules.

A well-known approach to reduce circuit inductance is the use of strip-line type
interconnections. The inductance of a strip-line depends on its width w, length [ and
the distance d between the conductors [27], [28], [29] as depicted in Fig. 2.6 where
H is the magnetic field strength and j is the electric current density. It is calculated
according to Eq. 2.13 [22] using the permeability of vacuum p. Laminated busbars
are typically used in power electronics to realize strip-line interconnections of the
dc-link capacitors. However, the strip-line concept is violated at capacitor terminals
as well as module terminals and inside modules. In case of screw type (or similar)
interconnections the inductance can be piece-wisely calculated according to the
equation of a two-wire assembly (Fig. 2.7 and Eq. 2.14). Two-wire segments have
very high inductance per length compared to a strip-line. Hence, the interconnections
that break the strip-line easily dominate the circuits overall inductance.

d

Lo =10 —-1 2.13
Mo w ( )
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Figure 2.7: Inductance of a two-wire configuration
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A consequent strip-line design with wide and short conductors is necessary for a
low-inductive commutation cell design. In [30] a planar module is simulated and
built by using a substrate-chip-substrate sandwich. Indeed, the realized inductance
of the module is much lower than of a comparable bond-wire module. However,
it is not possible to connect the dc-link capacitor via strip-lines to this module.
Consequently, the overall dec-link inductance will still be relatively high.

Alternative module design concepts are the ThinPak Technology from Silicon Power
[31], the Power Overlay Technology from General Electric [32] and the Metal Post
Interconnect Parallel Structure (MPIPPS) [33], Embedded Power [34], Flip Chip
[35] and Dimple Array Interconnect Technology [36] from the Center for Power
Electronic Systems (CEPS) at Virginia Tech University, Blacksburg, VA. Chip
embedding based on printed circuit board technologies are described in Chapter 3
but it is worth stating already here that with chip embedding technologies dc-link
inductances of around 1nH can be reached [37][38].

In integrated microelectronic circuits the parasitic behavior of conductors is domi-
nated by capacitive effects [39]. In contrast to this, only parasitic inductances and
resistances play a significant role in power electronics modules and circuits, as long
as no interactions with the environment, e.g. EMC compliance, are considered [40].



3 Power Electronics Packaging

This chapter starts with a brief description of the tasks of power electronics packaging
and today’s main driver in its development. The connection technologies which
are classically used for semiconductor packaging are described with emphasis on
power modules. Afterwards, the evolution of power modules over the last 40 years
is outlined. It will be shown how the introduction of new packaging technologies
affected the reliability and power density of power modules.

3.1 Definition of power electronics packaging

The main tasks of power electronics packaging are [41][42][43]:

e to connect one or more semiconductor chips with the electric circuit they are
used in (electrical task)

« to dissipate the heat generated inside the semiconductors due to switching
and conduction losses with a very high heat flux density (thermal task)

e to protect the semiconductor from environmental influences that could damage
or destroy it (mechanical task)

Based on this, several general trends in the development of new packaging technolo-
gies can be identified [41]:

o Optimization of the heat dissipation and the thermal cycling capability

o Minimization of the inductances inside the module as well as in the leads
« Flexible packaging technologies and easy handling/mounting by the user
o Integration of power modules (e.g. into the electric machine, ...)

» Integration of sensing, protection and driver functions into the power module

3.2 Electrical bonding technology

Electrical bonding technology can be distinguished into internal and external. All
connections to the semiconductor are referred to as internal bonding technology,
whereas external bonding technology refers to all electrical connections from a
component, e.g. a power module, to its environment. This work focuses on internal
bonding technology for IGBT chips with a vertical structure. Such chips have at

15
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least three connection terminals: The gate and the main emitter are located on
the top side of the chip. The collector terminal is at the bottom. IGBT chips with
enhanced functionality, such as on-chip temperature or current measurement have
additional terminals located on the top side surface.

3.2.1 Soldering

Soldering is used for connecting the IGBT chips electrically and thermally to the
substrate, e.g. a DCB (direct copper bonded) or IMS (insulated metal substrate).
During a soldering process two metal surfaces are connected by a liquid metal or a
liquid metal alloy. Single atoms of the solder diffuse into the metal surfaces such
that a thin composition layer of solder and metal is built. To ensure a void-free
interconnection, the soldering process is carried out in a vacuum. Otherwise, the
insufficient linking increases the thermal resistance between chip and substrate and
would inevitably lead to a later failure of the IGBT.

Joining the DCB substrate to a baseplate can also be done by soldering. However,
large-area soldering connections of materials with extensive CTE (coefficient of
thermal expansion) mismatch are critical regarding lifetime. The bi-metal effect
during temperature swings leads to solder fatigue or failure.

3.2.2 Ultrasonic bonding

Ultrasonic bonding is the most common bonding method to contact the top side of
power electronic chips. Aluminum wires are micro-welded at room temperature to a
contact pad with the exclusive use of ultrasound. While applying a bonding force of
0.3—0.6 N, the ultrasound movement of the wire (amplitude of 1—2 pm at ~ 60 kHz)
generates friction that removes the oxide layer of the contact surface, which can
be aluminum, copper or gold. Thereby, the wire is attached tightly to the chip.
The sequence of the ultrasonic bonding process is shown in Fig. 3.1. After exact
positioning of the wire (I) the first bond is made to the die (IT). The wire is positioned
at the next bonding location and the second bond is made (III). Optionally, between
step II and IIT additional bonds to the die can be made (stitching). After bonding
to the package, the excess wire is broken (IV). While thin-wire bonding uses a wire
gauge of 17 um to 100 um, thick-wire bonding comprises wire gauges from 100 pm
to 500 pm. The latter is typically used in IGBT power modules. The technology is
very flexible and cheap, making it todays dominant type of top surface connection
technology.

Since bond wire crack or lift-off is one of the main failure mechanisms in power
modules, manufacturers more and more try to improve this technology. One
approach is to optimize the geometry of the bond wires, i.e., the wire thickness
and the height to width ratio [44]. Another trend is the usage of copper as bond
wire material. Either aluminum wires with copper coating or solid copper wires are
bonded to copper surfaces. Copper bonding provides an enhanced reliability and a
higher current capability compared to aluminum bond wires [45]).
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Figure 3.1: Ultrasonic bonding process

3.2.3 Sintering

During a soldering process the solder melts at temperatures of around 250 °C,
building an alloy with the metal surface and solidifies again. This results in the
disadvantageous fact that the solder layer, which is used for the die attach in power
modules, is operated at temperatures that are close to the melting temperature of
the solder material. This can be avoided when using a low temperature diffusion
sintering process: Similar to reflow soldering, a paste, now containing a fine silver
powder, is applied between two metal surfaces. The silver powder is sintered under
high pressure and at a temperature of around 250 °C. The liquid component of the
paste diffuses out and the silver connects the surfaces by building a thin layer of
low porosity (Fig. 3.2). Contrary to the solder particles in a reflow solder process,
the silver powder stays far away from its melting temperature. The advantage that
arises from this fact can be well illustrated by having a look on the principle of the
homologous temperature which is defined by the relation between operating and
melting temperature with both related to the absolute temperature scale [46].

Operating temperature in K

100%  (3.1)

Homologous temperature in % =
& P ’ Melting temperature in K

Below 40 % materials are only little stressed. This is also the range where the silver
used for diffusion sintering is operated. Between 40 and 60 % the material starts
to creep and is sensitive against mechanical stress. Above 60 %, and this is where
typical solder materials are operated, materials are usually not suitable for reliable
connections anymore.
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Cu leadframe

Figure 3.2: Cross section of sintered IGBT die

3.2.4 Pressure contact

Contrary to bonded connections, like soldering, sintering and bond wires, the
pressure contact is a form-locking connection. This means that the contact partners
can slide on each other which leads to drastically reduced thermal stresses that
would otherwise arise from different CTE’s. Accordingly, the reliability of pressure
contacts is very high. In power electronics packaging there are large and small
area pressure contacts. An example for a small area pressure contact are spiral
springs for the control terminals of power modules. Large area pressure contacts
are used to establish the contact of power modules to a cooler, or in press-pack
disc housings for high power diodes or thyristors. In the latter application a buffer
material adjust the CTE values to minimize the sliding during temperature cycles.
In the 1980s structured copper, many thin Cu filaments put in parallel, was tested
for this purpose [47]. Today, molybdenum discs are usually applied.

In high-voltage applications, such as high-voltage, direct current (HVDC) transmis-
sion and power quality management, dozens of semiconductor press-pack modules
are connected in series to handle dc-link voltages up to 600kV [48]. Due to the high
number of modules the mean-time between failures (MTBF) is quite low. Therefore,
redundant modules are used such that in case a failed module the surviving modules
are still able to block the voltage. To carry the load current the failed module
has to provide a stable short circuit condition. In press-pack IGBT modules ABB
uses special platelets that melt in case of a chip failure and form an alloy together
with the silicon chip [49]. High current rating of the press-pack IGBT is achieved
by paralleling lots of chips. Each chip is contacted with an individual mechanical
spring to ensure uniform contact pressure even when connecting a high number of
modules in series [50][51]. Contrary to the non-hermetic ABB design, Fuji offers a
hermetic shielded press-pack IGBT package [52].
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3.3 Evolution of power modules

The development from the first power module to the state-of-the-art is described in
the following sections. Afterwards, an alternative power module design is presented
that uses chip embedding technology on the basis of high-current printed circuit
boards (PCB).

3.3.1 Advancement of technology

DCB ceramic substrates were invented at the General Electric Research Labs,
Schenectady, NY in the early 1970’s [53][54] and made it possible for the first time
to build semiconductor packages that allowed the insulation between the electrical
circuit and the cooling system while maintaining a good heat extraction [55].
This kind of package is known today as the classical power module and was
introduced to the market by SEMIKRON in 1975. The chips are soldered to the
DCB substrate and the top side connection is established using ultrasonic wire
bonding. Afterwards, the DCB is soldered to a base plate and the load terminals
as well as control connectors are attached to the DCB using soldering [56]. Since
then, lots of innovations were made to successively improve the thermal, electrical
and mechanical performance of power modules. The main targets of the technology
improvements are the enhancement of the heat dissipation, the thermal cycling
capability and the feasibility to operate at elevated junction temperatures. Higher
temperatures enable system size and weight reduction and are of great interest
especially for the use of wide bandgap materials like SiC and GaN because these
materials leverage their material characteristics particularly at higher temperatures.

3.3.1.1 DCB

The ceramic of the first power module was made of BeO. Today, Al,O, is the most
common material for the DCB even though its thermal conductivity of 24 W/mk
is quite poor compared to BeO with more than 300 W/mx [57]. However, BeO is
relatively expensive and, moreover, highly toxic. This is why it is only used in
special applications today. If high thermal conductivity is mandatory, an alternative
for Al,O4 is AIN (180 W/mk). The disadvantage of AIN is again a high price. The
use of AIN especially makes sense for modules with high requirements regarding
insulation voltage as well as cooling performance.

The trend is to improve the thermal performance as well as mechanically strengthen
the substrate. This has already been done by reducing the Alumina thickness from
0.63mm to 0.38 mm. With Zirconium doped Alumina a thickness of 0.32 mm can
be realized [58]. With silicon nitride (0.32mm) it is possible to increase the Cu
metallization from 0.3 mm to 0.6 mm due to its high mechanical strength [59].
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3.3.1.2 Baseplate

In 1992 SEMIKRON introduced the SKiiP®-technology that left out the baseplate,
which was conventionally used to establish the connection between DCB and cooler.
Instead, the DCB was pressed onto the cooler using a thin layer of grease as thermal
interface material. This solution provides several advantages:

o The elimination of the solder layer between DCB and baseplate ensures a
better thermal cycling capability.

o The flexibility of the baseplate-less DCB allows the use of thinner thermal
grease layer (only 20...30 um compared to 70...120 um for a module with
baseplate). Thereby, the static thermal resistance can be significantly reduced.

o Leaving out the baseplate allows for a significant reduction of weight

o Larger DCB’s can be used, because they do not have to be soldered anymore.
Thereby, no interconnections between separate DCB’s are necessary.

The disadvantages of a baseplate-less module are:

o Higher thermal impedance in the range of 1s due to the missing baseplate,
that otherwise provides a high thermal capacity.

o Smaller chip size requires more parallel elements.

In high power modules (>1,000 A) with AIN ceramics the material of the baseplate
has to be changed due to the large CTE mismatch of Cu (CTE = 17 ppm) and AIN
(5.7ppm). Therefore, AlSiC was introduced that has a CTE of 7ppm [41].

3.3.1.3 Die attach

The demand for increasing power density inevitably led to higher chip temperatures.
Consequently, the homologous temperature of the solder layer between chip and
DCB more and more increased. This enforced new die attach concepts to retain
acceptable reliability of this interconnection. Silver sintering was developed and
implemented in the late 1980s by SIEMENS for large area interconnection in high-
power press-pack designs. In the 1990s it was demonstrated for the first time that
it can also be used to replace solder interconnection in classical power modules [60].
Based on this, SEMIKRON developed a suitable series production process [61] and
introduced the first series production modules in 2007. In combination with pressure
contact technology and spring connectors the first power module without solder
interfaces could be built [62]. The diffusion sintering interconnection technology
can replace soldering in many cases and has proven to be far superior to soldering
with respect to thermal cycles. Therefore, sintering technology will meet the
requirements of most applications in terms of long-term reliability [63]. Despite its
superior technical characteristics, this connection method seems to be of limited use
for high-volume power module manufacturing due to the slow production process.
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3.3.1.4 Top side connection

Multiple improvements like the sintering process replacing the traditional soldering
of the chips have enabled to raise the maximum junction temperature from 125°C
to 175°C while upgrading the reliability of power modules. But particularly wire-
bonding, which is the major connection method for the chip topside, has remained
a bottleneck in this development. Even though wire-bonding has been used for
many years now it is still not a satisfying contact solution due to its limited
reliability. Furthermore, bond wires do not allow for double-sided cooling and add
stray inductance, which causes overvoltages and ringing effects. Where reliability
is of concern, for example in converters for HVDC applications, switches with
press-pack housings are commonly used. Compared to bond wires, a press-pack
contact guarantees a predefined fault state (short-circuit) in case of failure, whereas
switches with bond wires can either fail into a shorted or open circuit.

In automotive applications where higher switching frequencies and higher power
densities are of major concern, there is a great need for replacing the bond wires. As
a result, packaging engineers recently increased the focus of their work on finding
alternative solutions for the chip topside connection. For high-power automotive
applications MITSUBISHI offers a module where the bondwires are replaced by a
soldered connection on top of the chip. MITSUBISHI claims to have a significantly
higher lifetime compared to industrial modules in their transfer molded power
module J-series T-PM [64]. Similarly, TOYOTA equips the converters of their
HEV’s with power semiconductors soldered from both sides and use double sided
cooling [65] which reduces the thermal resistance by up to 40 % [66]. Another new
interconnection technology is the replacement of wire bonds by ribbon bonds [67].

One of the latest approaches for the replacement of bond wires is SEMIKRON’s
SKiN technology [63]. Here, the top metallization of the chips is connected to a
flexible circuit board by diffusion sintering. FuJji ELECTRIC COMPANY announced
a high-temperature package for SiC devices that uses short copper studs pressing
on the emitter and gate contacts [68].

An overview of packaging technologies that are used in specific electric vehicles
gives Aranzabal et al. [69].

3.3.2 Lifetime of power modules

The lifetime of power modules is limited due to their operation at elevated tem-
peratures and thermal cycles that are caused by varying load and environmental
operating conditions. Elevated temperatures accelerate aging processes caused
by molecular activities which can be described by the Arrhenius law (see 2.2.1).
Thermal cycles induce high mechanical stress in the interconnection layers of the
power module due to the different coefficients of thermal expansion (CTE), lead-
ing to fatigue and growth of micro-cracks in the bonding materials following the
Coffin-Manson law (see 2.2.2).
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In the 1990s the influence of the junction temperature swing and the medium
temperature on power cycling results was investigated within the LESIT project [70].
It was found that the number of cycles to failure (N¢) follows the Coffin-Manson
law, where the influence of the medium junction temperature 7Ty, is modeled by an
additional Arrhenius factor:

E
Nf:B-ATja-eXp< 2

where

R = universal gas constant (8.314J/ (mol - K))
T, = medium junction temperature in K

B = 640
a=—>
Er=0.8¢eV

From Eq. 3.2 it can be seen, that an increase of the temperature swing AT} by a
factor of 2 leads to a reduction in lifetime of 27 = 32. An increase of the absolute
temperature of the module T, by 10 K leads to a reduction in lifetime by a factor
of about two in the temperature range around 100 °C. The found results are only
valid for the examined module technology and in the parameter range which was
tested.

A more sophisticated model was developed in 2008 which takes into account the
influence of several additional parameters [71], namely power-on-time, blocking
voltage of the chip, diameter of the bonding wire and current per bond wire. It can
especially be used for the estimation of power cycling capability of 1200V-IGBT4
modules. However, even this model is not able to indicate how different failure
modes depend on the respective parameters and how they possibly interact with
each other. In 2012 SEMIKRON presented a study [72] in which bond-wire failures
and such from solder fatigue could be tested separately. This offers the possibility
to investigate the influence of different test parameters on the two power cycling
failure modes. Nevertheless, the authors conclude that “more investigations have to
be performed to get a clear picture of the physics of failure in power cycling tests”.

Since new packaging technologies influence the failure mechanisms of power modules,
the lifetime models have to be adapted to the advancement in technology. An
example for this is the further development of the lifetime model from [71] which
was adapted to modules with silver sintering die attach, copper wire bonding
top-side interconnection, ultrasonic welding for power terminals and an advanced
solder alloy for the substrate-to-baseplate joint [73]. Some effects were found to not
apply anymore for such kind of modules which simplified the lifetime model. For
baseplate-free modules and modules with baseplate different failure mechanisms are
dominant so that different lifetime model have to be used.

In the majority of cases, it is not possible to make a fair comparison of power cycling
tests results because there are no standardized test conditions. One reason for this
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is the ongoing increase in power cycling capability that forces manufacturers to
test at higher temperatures and with larger magnitudes of thermal cycles in order
to limit testing time to a reasonable extent. A comparison for corresponding test
conditions was made by Scheuermann when introducing the SKiN technology [46].
At that time, state-of-the-art industrial power modules exceeded the power cycling
capability of the classical base plate modules that were used in the LESIT project
by a factor of 5. Modules with sintered chips and improved wire bond geometry
increase the lifetime limit to a factor of 40. The SKiN technology with sintered top
side connection of the chips enhance the power cycling capability by a factor of
almost 200 compared to the classical module design.

3.4 Chip embedding for power electronics

An alternative solution for building highly reliable and compact power modules,
with an improved thermal management at low costs, is the use of high-current
PCB’s (printed circuit boards) as an integration platform with embedded power
semiconductor chips. The first step into this direction was done in the late 1980’s at
GENERAL ELECTRIC COMPANY. The development of the High Density Interconnect
(HDI) technology made it possible to build packages with embedded semiconductor
chips [74]. Different embedding technologies were developed for various applications
since that time, finally leading to PCB based power modules with embedded
semiconductors.

3.4.1 Embedding technology

The laminate based embedding technology combines standard printed circuit board
processing with the addition of high accuracy component placement and handling.
Basically, there are two approaches for the embedding of silicon dies: The face up
method, i.e. with the contact pads upside, or face down like a flip chip. The resulting
structures are comparable, but differ in their suitability for various applications.
An exemplary face up embedding process is outlined in Fig. 3.3. Starting with the
die attach on a Cu foil or substrate (a), the embedding is done by laminating an
epoxy laminate material (b). After the laser drilling of micro-vias (c), the top side
connections are done by galvanization followed by structuring of the created top
layer (d). More details regarding the different die attach materials, process steps
and laminate materials can be found in [75], [76].

Laminate based embedding of power components offers the possibility of 3D pack-
aging, which enables the realization of multi-die or multi-component systems with
very low inductances and with EMI (electromagnetic interference) shielding.

Most power components are bulk type semiconductors in which current flows
vertically through the device. Consequently, these components have contacts on top
and bottom of the die. The work done for the embedding of power components like
MOSFETSs (metal-oxide-semiconductor field-effect transistor), IGBTs, thyristors,
diodes etc. is based on the face up embedding method to provide direct access to
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Figure 3.3: The process sequence of power component embedding: (a) conductive
chip attach, (b) embedding by lamination, (c) via drilling chip and
substrate, and (d) Cu plating and structuring [75]

the chip back. Thereby, an ideal electrical and thermal connection to the die is
established without the need of additional via connections. For the back contact
the standard metallization for die attach is silver. Copper back metallization is
also already partially available. Both materials are compatible with the face-up
embedding technology.

For the base substrate typically a copper foil or thick copper substrate is used. To
achieve the best possible electrical and thermal connection to the power chip, differ-
ent die attach materials were tested. The application of conductive adhesives, which
can be done by printing, dispensing or jetting, provides a good method to realize a
void free and uniform die attach layer. However, this approach has limitations in
electrical and thermal conductivity. A new approach is a low temperature and low
pressure sintering process (compare Section 3.2.3). This process is currently under
continuous development [77].

3.4.2 Application examples for power packages

Since the early 2000s, laminate based chip-embedding has made a huge step towards
industrialization. Meanwhile, different products in the low- and medium-power
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application, e.g. mobile communication or high-end server applications, are com-
mercially available [78][79][80] (Fig. 3.4). Higher power levels until now have only
been addressed within several prototyping studies, e.g. HIDING DIES in 2006 and
[81]. Within these studies reliability qualifications have been fully passed. One of
the studies is the HI-LEVEL project [82]

(a) AT&S prototype (b) Cross section

Figure 3.4: Dc-dc converter with embedded power chip [78]

3.4.3 The HI-LEVEL project

In the HI-LEVEL (german acronym of "Integration of Power Electronics in High
Current Pcb’s for Electric Vehicle Application") project [83], running from 2012
to 2014, partners from industry (automotive manufacturer, automotive supplier,
semiconductor and material supplier, PCB manufacturer) and research (circuit
design and packaging) teamed up to develop and refine the technology, components
and materials to realize laminate based chip embedding for high power automotive
application. The goal was the realization of a 50 kW inverter for the electric motor
of an upper class HEV. In a conventional version, i.e. using DCBs and wire bonds,
this inverter was already in manufacturing. In the following, the manufacturing
process of the final 50 kW prototype is described. The characterization of this power
module is subject of Chapter 4.

For the prototype a five layer stack is constructed. Three layers are used for the
electrical interconnections. One more layer is necessary to provide an insulated Cu
surface for the cooler attach. The fifth layer is only needed to retain a symmetric
layer construction which is advantageous regarding mechanical stability (bending
effects). The manufacturing process starts with the core of the module which is
the so called leadframe. This is a copper sheet with a thickness of 600 um. First of
all, the leadframe is structured by milling (Fig. 3.5a.i). Afterwards, 140 um deep
cavities are milled on the top side to later take up the chips. The die attach inside
the cavities is done by a sintering process. Due to the cavities, it is not possible
to print the sinter paste. Instead the sinter paste is printed onto a separate foil
and is predried. Afterwards these preforms can be transferred into the cavities at
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moderate pressure and temperature. Now the chips can be placed onto the preforms
and the sintering process is carried out (Fig. 3.5a.ii). In the following embedding
process, a prepreg layer is laminated onto the leadframe (Fig. 3.5a.iii). In the next
step, vias through the prepreg are drilled by a laser (Fig. 3.5a.iv). The vias are filled
in a galvanization process that also builds a continuous copper layer on the top side
(Fig. 3.6a.v and Fig. 3.6). The copper layer can now be structured and an additional
prepreg and a copper layer are laminated on top and bottom (Fig. 3.5a.vi).

Cu (leadframe)

(i) Leadframe \C prepreg
u

<«
l«

(ii) Die attach

|

(iii) Lamination

1 Ti88 B0 (ii) Sintered chips

(iv) Micro-via laser drilling

(iif) Lamination and micro-vias
(v) Galvanization and structuring

(vi) Lamination (iv) Finished prototype

(a) Process steps (without cavities) (b) State of prototype (by courtesy of
SCHWEIZER ELECTRONIC AG)

Figure 3.5: Power component embedding for HI-LEVEL project [75]
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Figure 3.6: Embedded IGBT die with micro-via top side interconnections (by cour-
tesy of SCHWEIZER ELECTRONIC AQG)

3.5 Requirements in automotive applications

The installation of power electronics components within the engine compartment of
HEVs brings up very challenging environmental conditions in terms of ambient tem-
perature, thermal cycling capability and vibration. Even though each manufacturer
defines its own specification for different positions in the vehicle, the requirements
are similar and the most common conditions are described here with focus on the
harsher conditions for HEV compared to the conditions in purely electric vehicles
(EV).

In EVs the ambient temperature is in the range of —40°C to 105°C. In HEV
the presence of the combustion engine increases the maximum temperature up to
125...135 °C while the temperature of the cooling circuit goes up to 105°C during
normal operation and up to 120 °C with power derating.

The complete lifetime of automobiles is 15 years of which only 10,000 h are opera-
tional time [84]. With an average velocity of 30 km/h this corresponds to a mileage
of 300,000 km. Mission profiles specify the duration of operation within a certain
ambient temperature range. During a cold start the coolant is heated up from
Tiow= 5°C to Thigh= 105°C and later cooled down again. With two cold starts per
day, the number of passive temperature cycles Npassive during the complete lifetime
is

d 1
WS o =~ 10000 (3.3)
year day

Npassive = 15 years - 365
each stressing the power electronics components with temperature cycles AT of

AT = Thigh — Tiow = 100K (3.4)

Additionally to the passive cycles, there are also active cycles caused by acceleration
and braking. Depending on the driving cycle approximately 3,000,000 active power
cycles with 40 K can be assumed.
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4 Power Module Concepts for Automotive
Applications

In this chapter several new power-module concepts for automotive drive train
application are discussed. Indeed, the concepts are based on known packaging
technologies, but have not been used in this specific power range (around 50 kW)
until now. Moreover, the implications of using RC-IGBT chips in combination with
the new module concepts are investigated.

Power
module

o N B
DCB based PCB based Press-pack
A N e .
Single-sided Single-sided Double-sided| |Double-sided
cooling cooling cooling cooling
——
A Y e ) [ [
w/ electrical w/ electrical w/o electrical| | w/ electrical  |w/o electrical
insulation insulation insulation insulation insulation
Thermal Electrical Thermal Electrical Thermal Thermal Thermal
domain domain domain domain domain domain domain
Simulation I—Measurement Simulation Simulation Simulation |— Simulation Simulation
Measurement Measurement “=Measurement Measurement

Figure 4.1: Overview: Power modules concepts

Fig. 4.1 gives an overview of the examined modules. In total, five modules are
evaluated. Three of them are available as samples to do comparative measurements.
The state-of-the-art is a conventional DCB based power module from CONTINENTAL,
which has been in series production for several years now (Fig. 4.2a). The first
alternative packaging concept uses a high current PCB as an integration platform for
the power semiconductors. The IGBTs are embedded into the PCB as described in
section 5.1. Besides the constructed prototype with single-sided cooling (Fig. 4.2b),
two more variants are analyzed theoretically: A double-sided cooling configuration
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and a single-sided cooling configuration that leaves out the electrical insulation
layer to optimize heat dissipation.

The second alternative is a press-pack power module, that was designed and
constructed within the e performance project [85]. The scope of this project was
to build an EV by designing a completely new vehicle concept instead of just
replacing the gasoline tank by a battery and the combustion engine by an electric
machine. Following this holistic approach all components were optimized for the
operation in a full-electric car in order to realize a high range and low costs. To
meet the challenging lifetime requirements under harsh environmental conditions in
automotive applications (compare section 3.5), the press-pack concept was chosen
as packaging technology for the power semiconductors. It is constructed without
an electrical insulation between chips and heatsink, comparable to the theoretically
investigated module in [86]. The prototype of this module (Fig. 4.2¢) consists of five
milled aluminum blocks that are bolt together. The semiconductor chips are located
on slightly elevated surfaces between the blocks to contact them electrically and
thermally. The required pressure is applied by the bolts. The project report [85]
describes how the aluminum surfaces have to be prepared and which pressure is
needed for best thermal performance.

In the following, the different module concepts are denoted as

« Type 1: DCB based power module (illustrated in Fig. 4.2a)

o Type 2: PCB based power module, single-sided cooling with electrical insula-
tion (illustrated in Fig. 4.2b)

o Type 3: PCB based power module, single-sided cooling without electrical
insulation (not shown in Fig. 4.2)

o Type 4: PCB based power module, double-sided cooling with electrical
insulation (not shown in Fig. 4.2)

o Type 5: Press-pack power module (illustrated in Fig. 4.2¢)

For all five modules, the thermal performance is simulated with an FEM tool. A
verification of the simulation is done with Type 1 and Type 2 by thermal impedance
measurements. A thermal impedance measurement is also done with Type 5.
However, the module construction of the prototype geometrically differs from the
simulation data. Hence, no direct comparison is possible. At least, the measurement
can be used to parameterize the simulation model, especially the thermal resistance
of the pressure contact.

Beyond thermal simulation and measurement, the electrical properties of Type 1
and Type 2 are analyzed in detail. This comprises

 simulation of the de-link inductance during the design phase (only Type 2)

« measurement of the de-link inductance
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(a) Type 1: DCB based power module  (b) Type 2: PCB based power module from HI-
from CONTINENTAL LEVEL project

(c) Type 5: Press-pack power module from e performance
project

Figure 4.2: Examined power module prototypes

« measurement of the conduction losses (output characteristic)

o measurement of the switching losses

4.1 Thermal simulation

The thermal performance of a power module is described by the thermal impedance.
In signal theory, the thermal impedance corresponds to the step response. Therefore,
it contains the full thermal description of the module. To simulate the thermal
impedance, 3D models of all five examined power modules are set up. Since
the spatial distribution of the chips is almost equal for Type 1 and Type 2, this
configuration is used for all types of modules. Due to symmetry reasons, only one
pair of IGBT and FWD is modeled. Exemplary, this section is shown for Type 1
by the red box in Fig. 4.3. To deliver comparable results the simulation also uses
the same cooler for all modules. Only the layer construction differs.

4.1.1 Simulation setup

Each type of module has its unique layer construction that determines the thermal
impedance. The respective layer arrangement is described here together with the
methodology used to extract the thermal impedance from the simulation. The
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Figure 4.3: Simulated section of the power modules

thermal and electrical properties of the used materials are listed in Table A.1
and A.2.

41.1.1 Type 1

The layer construction of the DCB based module corresponds to the CONTINENTAL
EPF2-3 module (Fig. 4.2a). The chips are sintered to the DCB substrate which
is a sandwich of a 600 um Al,O4 ceramic layer enclosed by 300 um copper layers.
Finally, the DCB substrate is soldered onto the pin fin cooler. The bond wire top
side connections are not considered here because they marginally influence the
thermal behavior of the module.

4.1.1.2 Type 2

The layer construction of the PCB based module with single sided cooling equals
the prototype that was built during the HI-LEVEL project (section 3.4.3). The
chips are sintered to the leadframe which is a 550 um copper layer. The leadframe
is combined with another copper layer (185 um) via a 140 um thermally conductive
prepreg that fulfills the function of electrical insulation. The whole PCB is finally
sintered onto the same pin fin cooler as the DCB based module. The upper layers
are omitted in the thermal simulation because they only have marginal impact on
the thermal impedance.

4.1.1.3 Type 3

Leaving out the electrical insulating layer, the leadframe is directly attached to the
cooler. Of course, this induces challenges regarding the electrical insulation of the
different potentials of the inverter (DC+, DC-, potential of the phase connections).
However, this is not discussed here. Instead, focus is on the thermal characteristic
of such a module.
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Chip 70pm
Ag Sinterlayer S0pm

Cu 300pm
ALO, 600pm
Cu 300pm

Solderlayer 80pum
Cooler 3mm

(a) Type 1 layer construction

Chip 70pm
Ag Sinterlayer 50um

Leadframe 550um
Sinterlayer 50um
Cooler 3mm

(¢c) Type 3 layer construction

Chip 70pm
Ag Sinterlayer 50pm

Leadframe 550um

Prepreg 140um
Cu 185pm
Sinterlayer 50pm
Cooler 3mm

(b) Type 2 layer construction

Cooler 3mm
Sinterlayer 50pm
Cu 90pum

Prepreg 140um
Cu 90pum
Laservias 70pm
Chip 70pm

Ag Sinterlayer 50pm
Leadframe 550pm
Prepreg 140pm
Cu 185pum
Sinterlayer 50pum
Cooler 3mm

(d) Type 4 layer construction

Cooler 3mm
Sinterlayer 50pm

Leadframe 550pm
Chip 70pm
Leadframe 550pm
Sinterlayer 50um

Cooler 3mm

(e) Type 5 layer construction

Figure 4.4: Power module layer construction for simulation

4.1.1.4 Type 4

The layer construction is basically the same as for Type 2. However, the top side of
the pcb is now also connected to a cooler with a sinter layer.

4.1.1.5 Type b

The layer construction of the press-pack IGBT module is oriented at the PCB based
module without electrical insulation. The sinter joint between chip and leadframe
is replaced be a pressure contact and the module is built symmetrically to enable
double-sided cooling. The thermal resistance of the pressure contact (25.75W/m2.k)

was determined in [87].
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4.1.2 Thermal impedance extraction

As shown in Figure 4.3, each IGBT and each diode is built by three parallel chips.
Homogeneously distributed static losses (8.93 W/mm?) are inserted into all three
IGBT chips when simulating the thermal impedance of the IGBT. During this,
there are no losses in the diode, which means that the thermal impedances of IGBT
and diode are simulated independently. In reality, there is a mutual interference
between both elements. However, to be comparable with the thermal impedance
measurements no interference is considered in the simulation. Moreover, it is shown
later that the thermal coupling is negligibly small.

A time dependent study is executed to obtain the time dependent temperature
distribution in the module. The thermal impedance from junction to heat sink and
from junction to ambient Zi, j» can then be calculated for the respective device:

Ti(t) = T: (¢)

Zth,js <t) B Pdevice <41)
T (1) = Tw (12)
(4.3)

where

T; = average junction temperature in the respective device

T, = heat sink temperature 1.5 mm below the respective device (centered
position)

T, = temperature of the cooling fluid

Pigpr = heat dissipation in IGBT (here set at 187.5 W)

Piioae = heat dissipation in diode (here set at 84.375 W)

4.1.3 Simulation results

The simulated thermal impedance of each module type is shown in Fig. 4.5 (IGBT),
B.1 (diode) and B.5 (RC-IGBT). The differences between the modules are explained
with the help of the IGBT diagram without loss of generality: Type 1 and Type 2
show a very similar characteristic. For t < 3-1072s Type 2 has a smaller impedance
because of its thicker Cu layer nearby the chips (leadframe). However, for greater
times 3-1072s < t < oo the thermal impedance becomes larger which is due to the
worse thermal conductivity of the insulating material.

The thermal resistance (t — oo) of Type 4 is less than 60 % of Type 2 due to
double-sided cooling. However, for t < 10~!s the deviation is much less because
the micro-via top side interconnection feature significantly lower thermal capacity
compared to the solid leadframe on the chips bottom side.
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Type 3 has the lowest thermal impedance for t < 2s because the chips are directly
sintered onto the cooler which has a very high thermal capacity. The thermal
resistance is a bit worse compared to Type 4 and Type 5 due to the fact that Type 3
only uses single-sided cooling.

The pressure contact of the chips in the Type 5 module is a form-locking intercon-
nection and, thereby, induces a comparatively high thermal resistance nearby the
chips. In combination with the small thermal capacity of the chips themselves, this
leads to a very high thermal impedance for ¢ < 107!'s. At larger times (t > 2s),
the thermal advantages of this module type (double-sided cooling and no electrical
insulation layer) appear and lead to a thermal resistance which is as low as Type 4.

4.1.3.1 Thermal equivalent circuits

The simulated thermal impedance is translated to a thermal equivalent circuit
from junction to cooling fluid. The Foster networks were obtained by a numerical
fitting using the MATLAB CURVE FITTING TOOLBOX. An approach with four
RC-elements leads to very accurate fitting results as shown in Fig. 4.5. The fitting
parameters for the IGBTSs are listed exemplary in Table 4.1 (IGBT). Further fitting
parameters are given in Appendix B for the diodes (Table B.1) and the RC-IGBTSs
(Table B.2).
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Figure 4.5: IGBT thermal impedance simulation results (Foster fitting)
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Table 4.1: Fitting parameter of IGBT thermal impedance curves (Foster model)
i 1 2 3 4
RiinQ 3.31-107' 1.98-107% 1.17-1072 1.09-10*

Typel s 21610 4.50-102 1.10-10-% 3.40-10-"
Type2 nQ 151-107 755-10° 352-10°° 248-10!

rins  3.01-107' 4.04-107* 2.05-10° 6.14-1072
Tooeg R 9.60-107 173102 2.95-10 ' 453107
YPEO ins 4.05-1070 1.27-107% 1.93-10° 3.88-10°2
Tooey BMQ L7107 TI3-107 169-10 1 547-10°
YPEE sins  1.88-10° 2.74-107' 4.98-102 4.93-10~*

RinQ 469-102 490-102 155-10" 1.69.10 "
Type 5

7ins  296-107! 1.61-1072 1.85-10° 2.42.1073

When using the thermal equivalent circuit for thermo-electrical simulations of power
electronics circuits (inverter, de-de-converter, ... ) the models of the IGBT and the
diode have to be combined to account for the fact that they share the same cooler.
However, the Foster models are only valid for the specific system for which they
were fitted. Modifications lead to significant inaccuracies [8][9]. The only possibility
to combine the thermal equivalent circuits of IGBT and diode is the use of Cauer
models, because they represent the physical construction of the modules. The
derivation of the Cauer models was done by using one RC-element for each physical
layer of the respective module. The value of each element was chosen according to
its material properties and the layer geometry. The step response of the resulting
circuit was simulated in PLECS and compared to the thermal impedance from the
thermal FEM simulation. One or two elements still had to be tuned to obtain good
fitting results because the starting element values did not account for effects like
heat spreading. The Cauer models were not built for Type 3 and 4 as they were
not used for the thermal-electric system simulations in chapter 5.

The fitting curves in Fig. 4.6 and Fig. B.2 show that the physical approach leads to
less accurate fitting results compared to the numerical method. However, it can be
used for system simulations because larger deviation are only present in the range
107%s <t <107 3s.

The resulting thermal equivalent circuits can be found in Fig. 4.7 (Type 1 with single
chips for IGBT and diode) and Fig. 4.8 (Type 1 with RC-IGBT). In Appendix B
the Cauer circuit models are given for Type 2 with single chips (Fig. B.6), Type 2
with RC-IGBT (Fig. B.7), Type 5 with single chips (Fig. B.8) and Type 5 with
RC-IGBT (Fig. B.9).
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Figure 4.6: IGBT thermal impedance simulation results (Cauer fitting)
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4.

1 Thermal simulation
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Figure 4.7: Cauer thermal equivalent circuit for Type 1 module
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4.1.3.2 Heat spreading

Heat spreading describes the effect of lateral heat flow within the layers of a power
module. It particularly occurs if a layer of high thermal conductivity is followed by
a layer of low thermal conductivity. In the highly conductive layer the heat is forced
to flow planar, thus, increasing the effective area A for the heat flow (compare
Fig. 2.1). This leads to a reduced thermal resistance of the system. The heat
spreading capability of a certain layer can either be improved by increasing the
lateral thermal conductivity or by increasing the thickness of the highly conductive
material. At first sight, the latter contradicts Eq. 2.2 but this equation is only
valid for one-dimensional geometries. The heat spreading capability of the different
module types can be analyzed by simulating the thermal resistance with varying
module area. Only the area of the die and the die attach are kept constant. Fig. 4.9
shows that up to a width of approximately 50 mm the thermal resistance of all
modules is decreased. A further increase does not improve the thermal resistance
further. To compare the heat spreading capability of the module types the heat
spreading index (HSI) is introduced. It is defined as the ratio between thermal
resistance without heat spreading R ja,0 and thermal resistance with maximum
heat spreading Rih ja,min-

Rth,ja,()

HSI = (4.4)

Rth,ja,min
Fig. 4.10 gives an overview of the HSI’s. Obviously, Type 3 features the best
heat spreading capability. The reason for this is the absence of a low-conductive
insulation layer which allows the heat to spread efficiently within the thick cooler,
whereas, Type 1, 2 and 4 mainly use the relatively thin Cu layer above the insulator
for heat spreading. The poor heat spreading performance of Type 5 is due to the
fact that a high portion of the thermal resistance is defined by the pressure contact
die attach. This part of the thermal resistance is not improved when increasing the
modules area because the chip size is kept constant.
The effect of increasing the thickness of the highly conductive material is investigated
in Fig. 4.11. Here, the thermal resistance of a Type 2 module with varying leadframe
thickness is shown. At the lowest width the thermal resistance increases with
higher leadframe thickness because here the heat flow can be considered to be one-
dimensional. Up to 20 mm the heat spreading does not depend on the leadframe
thickness even though the thermal resistance is already reduced by a factor of 2 at
this point. Only at higher width the thicker leadframe results in an improved heat
spreading which can also be seen in Fig. 4.12.
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4.2 Thermal measurement

The verification of the simulation results was done by measuring the thermal
impedance of the power modules on a test bench whose structure is depicted
in Fig. 4.13. The semiconductor junction temperature is measured indirectly
via the forward voltage Vig at a small measurement current Ijes (here: 100mA),
whereupon, the dependency of the voltage from the temperature has to be calibrated
in a temperature chamber in advance. The measurements starts with loading the
semiconductor with a high dc current Ij,.q to heat it up while the power module is
actively cooled. After reaching thermal equilibrium the load current is switched
off within max. 100 us and only the measurement current is flowing through the
semiconductor. This allows the recording of the semiconductor temperature while
cooling down. As the cool down process is symmetric to the heat up it can be
used to determine the thermal step response of the module which is identical to the
thermal impedance.

IMc» D] [l_us\
() NI ()
\/ I \/

D.U.T.
15V

Figure 4.13: Test bench for thermal impedance measurements

The thermal impedances of three power modules were measured: The DCB based
module (Type 1), the PCB based module with single sided cooling and electrical
insulation (Type 2) and the press-pack module (Type 5). Type 1 and 2 can be
used to verify the simulation results. The Type 5 prototype deviates significantly
from the simulated construction. Hence, it could only be used to parameterize
the simulation model. The results are shown in Fig. 4.14 and 4.15. Due to the
fact that the simulation was done with only one IGBT or diode, respectively, the
measurement results are multiplied with three to be comparable to the simulation.

For t < 1072 s the simulation results meet the measurements very accurately. For
larger times, the simulation overestimates the thermal impedance significantly for
both module types. The measured thermal resistance (¢ — oo) is 20 — 50 % below
the prediction from simulation. Possible reasons for this deviation are

 inaccuracies of the physical properties of the used materials
 inaccuracies of the thermal impedance measurements
« non-ideal material joints

» additional heat spreading capability of the real module
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Figure 4.14: IGBT thermal impedance measurement results
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Figure 4.15: Diode thermal impedance measurement results
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4.3 Electrical simulation

The design of power modules with chip embedding offers the potential of building
switching cells with very low inductances. The switching cell inductance causes
overvoltages during power semiconductor turn-off and is also referred to as dec-link
inductance. The dc-link inductance of the prototype for the HI-LEVEL project is
designed by means of FASTHENRY, a 3D PEEC (partial element equivalent circuit)
calculation tool. The PEEC method has been introduced by Ruehli in 1974 [88].

Basically, a small dc-link inductance of power modules can be realized by following
the busbar principle. In Figure 2.6 a typical busbar geometry is shown, with an
approximation of the structures inductance in Eq. 2.13. According to this, the
interconnections between dc-link capacitor and semiconductor have to be built as
short (I N\), as wide (w ) and as close (d ) as possible. However, the internal
interconnection structure of the most power modules is not built using the busbar
principle. Thereby, usually only the inductance of the interconnection between
dc-link capacitor and module can be reduced by the inverter design engineer. The
inductance of the module stays in the range of 10 — 20nH and limits the minimum
dc-link inductance. Some modules even feature an internal busbar design but still
the packaging structure of DCB and bond wires prevents a strict busbar design.
This obstacle can be overcome by the chip embedding packaging concept. This
concept allows for planar interconnections all over the module, even on top of the
chips. Additionally, the dc-link capacitor can be placed on the top layer of the
PCB and is thereby very close to the switching cell. The cross section of a possible
configuration is shown in Figure 4.16.

50 um Toplayer

DC-link-
capacitors

DC minus
snid DA

80 pm Prepreg

170 um Interlayer

150 um Prepreg

70 um Chips
30 um Sinterlayer
500 pm Leadframe
75 pm Prepreg

170 um Copper
75 pm Prepreg

50 pm Copper

Figure 4.16: Crosssection of the switching cell

The inductance of this structure was simulated while varying different parameters
to show how much the inductance can be reduced and which parameters are most
sensitive. Fig. 4.17 shows the simulated FASTHENRY geometry.

The simulation start with a reasonable set of parameters (b, = 40 mm, [, = 18 mm,
hx = 2mm, compare Fig. 4.17). The influence of their variation on the dec-link
inductance is investigated in the following.

The width of the commutation cell does not affect the area that is spanned by
the commutation current. However, it influences the dc-link inductance anti-
proportionally. The width of the cooled area in the module is 138 mm while the
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Figure 4.17: Geometry of the commutation cell in PEEC-simulation

module overall width is 174 mm. Subtracting the area needed for the driver contacts,
each halfbridge has a maximum width of 40 mm. Fig. 4.18 shows that this width
should be fully utilized, whereas a larger commutation cell does not make sense

because above 40 mm the dc-link inductance only decreases slightly with increasing
width.

Placing all chips as closely together as possible, the length of the commutation
cell is only 10 mm. In this case the dc-link inductance reduces to 1nH (Fig. 4.19).
However, a compromise has to be found between a small inductance (close chip
placement) and a good cooling performance (wide chip placement to utilize heat
spreading). Extending the chips in longitudinal direction leads to a linear increase
of the dc-link inductance according to Eq. 2.13.

The area spanned by the capacitors above the PCB contributes significantly to
the dc-link inductance according to Fig. 4.20. At the starting value of 2mm,
which corresponds to the real capacitors, the dc-link inductance is 1nH. By an
optimization of the capacitor packaging, a value of 0.5nH could theoretically be
reached. However, this is not possible due to the fixed capacitor design.

Simulation shows that b, = 40 mm, [, = 18 mm are suitable design parameters for
the switching cell construction that are used for the HI-LEVEL prototype. The
expected dc-link inductance is 1 — 1.5 nH, depending on the dominating frequency.
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Figure 4.19: Dc-link inductance in dependency of the commutation cell length
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4.4 Electrical measurement

The CONTINENTAL EPF2-3 (Type 1 module) and the HI-LEVEL demonstrator
(Type 2) are electrically investigated. The static and dynamic behavior of both
modules, namely output characteristic and switching losses, are extensively tested.
The switching characteristics are used to determine the dc-link inductance which is
used to verify the switching cell design procedure (section 4.3). Finally, the EMC
performance is measured.

4.4.1 Output characteristic

In turn-on state, the IGBT conducts the current I from collector to emitter, leading
to a forward voltage drop Vog. The relation between Vg and I is called output
characteristic and describes the conduction behavior of the IGBT. The product
of Ve and I results into the conduction losses. The same is true for the diode,
whose forward voltage and current are called Vg and Iy, respectively.

The measurement of the output characteristics is done on a test bench that was
constructed during the HI-LEVEL project [83]. Its structure is depicted in Fig. 4.21.
This test bench allows to establish and afterwards decrease the semiconductor
forward current within a sufficiently short time, i.e. without significant self-heating
of the device under test. A prior setup of the test temperature is done with
a heating plate (for temperatures > 25°C) and in a temperature chamber (for
temperatures < 25 °C), respectively. During the current reduction phase, the device
current and voltage are measured simultaneously yielding the output characteristic of
the device under test. The current ramp-up phase is not suitable for the measurement
because of a voltage oscillation at the beginning of the current buildup.

DC+

Oscilloscope

Figure 4.21: Schematic of the test bench for measuring the output characteristic of
IGBT and diode, from [89]
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Fig. 4.22 shows the measured output characteristics of IGBT and diode in the
Type 1 module. Both semiconductors feature a threshold voltage up to which no
current flow is detected. Above this voltage the current rises nearly linearly with
increasing forward voltage.

The diode forward voltage has a negative temperature coefficient in the complete
measured current range. At low currents this is caused by the rising intrinsic charge
carrier density that reduces the voltage at the pn-junction at higher temperatures [42].
At high currents the temperature dependency of the voltage across the drift region
Varite (Eq. 4.5 with the thickness wg of the drift region) is dominating with two
opposing effects. Firstly, the charge carrier mobilities p, and p, decrease with rising
temperature (— increase of Vy,g). Secondly, the charge carrier lifetime 7.4 rises
with increasing temperature (— decrease of Vi) -
wh

(:U/n + ,up) * Teff <45)

V;irift =
The resulting temperature coefficient, therefore, depends on the diode technology.
The measured characteristic indicates the use of radiation-induced recombination
centers because the forward characteristic intersects approximately at nominal cur-
rent (600 A). Moreover, the temperature coefficient is relatively low (= —2mV/K).
Diodes without recombination centers have an intersection point at much higher
current densities. Diodes diffused with platinum do not intersect at all and have a
temperature coefficient that is usually significantly higher than —2mV /K.

The temperature dependency of the IGBT output characteristic is based on the same
effect as for the diode. At low current the voltage at the pn-junction dominates
and, therefore, the temperature coefficient is negative. At high currents it has
to be distinguished between PT-IGBTs (punch-through IGBT) and NPT-IGBTSs
(non-punch-through IGBT). The influence of the charge carrier lifetime dominates
in PT-IGBTs, leading to a negative temperature coefficient. In a NPT-IGBT the
voltage across the drift region is dominated by the mobilities which cause a positive
temperature coefficient at higher currents. Hence, the evaluated IGBT can be
classified as NPT-IGBT. The intersection point of the output characteristic at
different temperatures is located at 200 A.

The Type 2 module uses the same semiconductor chips. Consequently, the output
characteristic (Fig. 4.23) generally equals Type 1. Above the threshold voltage the
forward voltage rises less with increasing current compared to Type 1.

In a direct comparison (Fig.4.24) this difference becomes more obvious. The
deviation of forward voltage increases linearly with rising current. This indicates
a smaller ohmic portion in the Type 2 module which is caused by the absence of
bond wires. From the bond wire geometry (compare Fig. 4.3) and the electrical
conductivity of Aluminum oy,



4 Power Module Concepts for Automotive Applications 51

500 500
— —25°C
—25°C
75°C
400 400 0o
300 | 300 |
< <
= k=
4 £
200 - 200 -
100 100
| |
OO 0.5 1 1.5 OO 0.5 1 1.5
Vog in V VrinV
(a) IGBT (b) Diode

Figure 4.22: Measured output characteristic (Type 1)

[ =15mm bond wire length (4.6)

d = 400 pm bond wire thickness (4.7)

N=24 bond wires in parallel (4.8)
S

oAl =37-10° = (4.9)
m

the expected bond wire resistance is

1 1 [
— . — — ~ 0.5mf 4.10
N oa W% ( )

Rbondwire -

Using the measurement curves the difference in resistance between the modules
can be estimated to 0.4 m{2 for both, IGBT and diode. This suits very well to the
expected value (Eq. 4.10). Carrying an effective current of 200 A, exemplary, the
losses in the bond wires will be 16 W for one IGBT leading to reduced (by roughly
7.5%) conduction losses of the Type 2 module.
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Figure 4.24: Measured output characteristic (Comparison of Type 1 and 2)
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4.4.2 Switching characteristic

The double-pulse test stand depicted in Fig. 4.25 was used to record the switching
behavior of the examined modules

DC+
Oscilloscope Iy
S
o 1
o ,J D, - Ligua
off
| lewe
Voc <=) Che -

D,

S, switched with a
double pulse

Figure 4.25: Double-pulse test bench for switching loss measurements [89]

4.4.2.1 Turn-off

During the hard turn-off of the IGBT an overvoltage occurs between collector and
emitter caused by the stray inductance of the commutation cell (de-link inductance)
that has to be (de-)magnetized when turning current on or off.

In Fig. 4.26 the turn-off characteristic of the Type 1 module is shown. Focus is on
the comparison of different turn-off currents. The turn-off overvoltage rises with
increasing current due to a higher steepness of the current. Below 150 A the %
of the collector-emitter voltage is reduced. This behavior is caused by the stored
charge effect of modern Trench-Field-Stop IGBTs which is described in [90].

The temperature dependency of the turn-off characteristic is shown in Fig. 4.27.
It can be seen that the rise time of the voltage is smaller at low temperatures
causing less switching losses. In contrast the current slope and, consequently, also
the overvoltage is independent of temperature.

The low dc-link inductance of the Type 2 module leads to an extensive reduction of
the turn-off overvoltage. However, the dependency of the turn-off current is still
visible (Fig. 4.28).

The temperature dependency of the Type 2 turn-off process is also characterized
by a steeper voltage slope (at low temperatures) and a temperature independent
turn-off overvoltage (Fig. 4.29).

The direct comparison of both evaluated modules (300 V in Fig. 4.30 and 400V
in Fig. C.4) additionally shows the momentary power loss as product of voltage
and current. Here it becomes visible that the rise time of the collector-emitter
voltage is slightly shorter for the Type 2 module. Consequently, the maximum of
the power losses is reached earlier. The following steeper current decrease leads to

a significantly reduced turn-off losses of Type 2.
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Figure 4.26: Turn-off Type 1 at 300V
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Figure 4.30: Comparison of the turn-off at 300V and 25°C
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4.4.2.2 Turn-on

The hard turn-on process of the IGBT is characterized by the fact that the device
current rises before the collector-emitter voltage starts to fall. The reason for this
behavior is the respective free-wheeling diode (FWD) that conducts the full load
current before the IGBT is turned on. The FWD cannot block a voltage before its
pn-junction is free from charge carriers. This state appears between zero-crossing
of the diode current and the reverse-recovery peak.

In Fig.4.31 the turn-on characteristic of the Type 1 module is shown with focus on
the current dependency. Initially, the current rises with a certain steepness which is
independent of the switched current. The reverse-recovery effect of the FWD causes
a current overshoot. This effect appears because the diode stores charge carriers in
the space-charge region. These charge carriers are removed by recombination when
the diodes current decreases. However, there are still charge carriers left when the
diode current reaches zero. Thus, a current flow in reverse direction is enabled for a
short time which appears as an overcurrent in the IGBT.

The collector-emitter voltage reduction by

dl¢

dt

appears during the current rise period due to the dc-link inductance L.
The temperature dependency of the turn-on process is depicted in Fig. 4.32. The
reverse recovery effect is strongly temperature dependent leading to increased
switching losses at high temperatures. In contrast, the voltage characteristic is
almost independent of temperature.

The low dc-link inductance of the Type 2 module causes a faster current rise and
less reduction of the collector-emitter voltage (Eq. 4.11). The reverse recovery peak
has a more sharp shape compared to Type 1 (Fig. 4.33).

The temperature dependency of the turn-on process is also characterized by a
stronger reverse recovery effect at high temperatures and a temperature independent
voltage shape (Fig. 4.34).

The direct comparison of both evaluated modules (300V in Fig. 4.35 and 400V
in Fig. C.5) additionally shows the momentary power loss as product of voltage
and current. It can be seen that the Type 2 module has a much faster current rise
time. Hence, the maximum of the power losses is reached earlier, the voltage can
start to decrease earlier and, finally, the overall duration of the switching process
is significantly reduced. However, the Type 2 module has higher peak losses due
to a higher reverse-recovery peak and a smaller reduction of the collector-emitter
voltage.

A clear and descriptive comparison of the switching behavior is generated by plotting
I over Vg during switching as done in Fig. 4.36 for an exemplary operating point.

AVeg = Ly - (4.11)
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Figure 4.31: Turn-on Type 1 at 300V
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4.4.2.3 Switching losses

Switching losses are given by loss energy per switching event. For the evaluated
modules they are in the range of some mJ. Their calculation is done by integration
of the power losses. The integration limits are set at 10 % of the rising and falling
value, respectively. For example, the power loss integration of the turn-on process
starts when the current reaches 10 % of its final value. It is terminated when the
voltage undergoes 10 % of its starting value.

The switching loss energies of the Type 1 module are shown in Fig. 4.37 (300 V) and
Fig. C.1 (400V). Turn-on and turn-off losses of the IGBT, E,, 1t and Eog1caT,
are almost equal and rise linearly with increasing collector current. The diode
losses Eof diode, caused by the reverse-recovery effect, are comparatively low and the
dependency of the collector current is less strong than for the IGBT losses.

In sections 4.4.2.1 and 4.4.2.2 the temperature dependency of the switching processes
is investigated. In Table 4.2 and 4.3 the relative variation of the losses with
temperature is given for two exemplary current values. IGBT losses show a stronger
dependency at lower currents. Against this, the diode losses which are generally
more temperature dependent show a higher dependency at high currents.

Table 4.2: Relative variation of switching losses at 300V,
relating to 25°C (Type 1)
EogiaBTr  EoniaBT  Eoff diode
100A 0.30%/K 0.42%/K 0.43%/K
400A 0.17%/K 0.25%/K 0.89%/K

Table 4.3: Relative variation of switching losses at 400V,
relating to 25°C (Type 1)
EogicBr  EonigBr  Foff diode
100A 030%/K 043%/K 04%/K
400A 0.12%/K 0.20%/K 0.95%/K

The switching loss energies of the Type 2 module are given in Fig. 4.38 (300 V) and
Fig. C.2 (400 V). Turn-on and turn-off losses of the IGBT are also almost equal
here. The dependency of the IGBT and diode losses from the collector current is
close to that of Type 1.

The increase of switching losses with temperature is similar to the Type 1 module
(Table 4.4 and 4.5). However, a stronger dependency at high current is found here.
The direct comparison of both modules (Fig. 4.39 and C.3) shows that the novel
packaging technology of the Type 2 module with extensively reduced dc-link in-
ductance leads to a reduction of both turn-on and turn-off losses by up to 40 %,
whereby, the reduction of turn-off losses is more significant. Against this, the diode
losses of the Type 2 module are slightly higher compared to Type 1. The advantage
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Figure 4.37: Switching losses Type 1 at 300V

of Type 2 regarding switching losses is stronger the lower the temperature and the
higher the dc-link voltage.
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Table 4.4: Relative variation of switching losses at 300V,
relating to 25°C (Type 2)
EogiaBT  EonIaBT Eoft diode
100A 0.44%/K 049%/K  043%/K
400A 0.32%/K 0.33%/K not measured

Table 4.5: Relative variation of switching losses at 400V,
relating to 25°C (Type 2)
Eogiar  EoniaBT Eoft diode
100A 0.39%/K  0.37%/K 0.40 %/K
400A 0.28%/K 0.34%/K not measured
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Figure 4.38: Switching losses Type 2 at 300 V
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4.4.3 Dc-link inductance

The dc-link inductance L, can be determined by measuring the switching charac-
teristic of the IGBT which was done in double pulse tests in Section 4.4.2.3. Since
the turn-off overvoltage of the IGBT is a well known phenomenon caused by the
dc-link inductance, it is often used to measure the dc-link inductance. However,
the turn-off overvoltage is not only caused by the dc-link inductance but also by
the forward-recovery effect of the free-wheeling diode. Hence, the diode voltage has
also to be measured and substracted from the IGBTs overvoltage. A more exact
measurement is possible during the IGBT turn-on process. Here, the rising IGBT
collector current leads to a decrease of the collector-emitter voltage due to the
voltage drop across the dc-link inductance. During the rise time of the current, the
free-wheeling diode is still conducting a current and, thereby, its forward voltage is
usually neglectable compared to the inductive voltage drop. With the basic device
equation of an inductance, L, can be calculated during the turn-on process as
follows:

_ Vpe — Vg
=T ko
a

Lo (4.12)

This measurement is done for both modules in a double pulse test at 400V, 400 A
and 25°C. The respective waveforms can be found in Fig. 4.40. It comes out that
the dc-link inductance of the Type 1 module is approx. 15nH whereas the Type 2
module only has 1.5nH. The latter value is in good accordance to the simulation
results of chapter 4.3 (1 — 1.5nH).
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Figure 4.40: Extraction of stray inductance during IGBT turn-on
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Figure 4.41: EMC measurement with LISN according to CISPR 25 [92]

4.4.4 EMC behavior

The measurement of the EMC behavior is done with a high-voltage line impedance
stabilization network (LISN) (Fig. 4.41). The disturbances Vyp, and Vyp_ are
measured across the 1-k)-resistors. The common mode and differential mode
disturbances V., and Vg, are calculated using Eq. 4.13 and 4.14 [91].

Viam = Var+ + Var (4.13)

VHF+ — VHF

V::m:
2

(4.14)
Initially, the basic disturbance level of the assembly is measured with running
auxiliary units (high voltage power supply, power supply drivers). The measurements
are done with driving an apparent power of 60 kVA to the (mainly) inductive load.
Fig. 4.42 and 4.43 show the measured disturbance level from 9kHz — 30 MHz. At
low frequencies (< 150kHz) peak levels at multiples of the switching frequency
(10kHz) are visible. Above 150kHz the measurement uses a larger bandwidth.
Consequently, no discrete peaks are visible in this frequency range.

Common mode disturbances of the modules do not deviate significantly from each
other. At least, in the range of 20 — 30 MHz the level of the Type 2 module is a bit
lower. The main difference between both modules can be observed in the differential
mode disturbances. Above a narrow bandwidth section with raised spectrum at
300kHz (+10dBuV) the disturbance level of the Type 2 module strongly decreases.
In the range from 1 — 10 MHz it is more than 20dBuV below the spectrum of
Type 1. This reduction is caused by the different packaging technologies. The
smaller dc-link inductance leads to less voltages across the dc-link inductance during
switching events. These voltags are mainly responsible for the differential mode
disturbances at high frequencies (above 1 MHz).
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5 System Level Implications

In chapter 4 some advantages of PCB-based power modules on components level are
described in detail. Namely, reduction of switching losses, turn-off overvoltages and
EMC disturbance level. The impact of these and other advantages on system level
are investigated in this chapter. Therefore, the use of different power modules in
inverter drives and a dc-dc converter is analyzed by means of circuit simulation. A
conventional chip configuration with single chips for IGBT and diode is investigated
as well as the reverse conducting IGBT (RC-IGBT) that integrates IGBT and diode
on one chip.

5.1 Advantages of PCB based power modules

5.1.1 Integration of driver electronics

In a PCB-based power module the top side interconnection of the power semi-
conductors is done with micro vias enabling to build thinner modules compared
to a bond wire solution. The driver electronics, that are conventionally located
on a separate PCB close to the module, can also be integrated to the top side of
the PCB based power module. This offers the potential to further increase power
density at system level and to put the module in a very narrow installation space.
Additionally, a short connection between driver stage and power semiconductor
is crucial for clean and high-speed switching, bringing losses down and improving
EMI compatibility. Future development could also embed all driver electronics into
the PCB to make the power module even thinner. Till now, it appears that the
achieved space reduction does not compensate for the higher costs that arise from
the additional embedding of a high number of components such as ASICs, small
passives, etc.

5.1.2 Integration of current sensors

PCB integration of power electronics comprises the embedding of power semicon-
ductor as well as the integration of power stage and driver electronics into a single
PCB. Furthermore, integration of sensor elements becomes feasible. One promising
approach is the PCB embedding of a Rogowski coil current sensor. A Rogowski coil
works without an iron core. Thereby, only copper windings have to be integrated
into the PCB. The development, assembly and testing of such current sensor is
done in [93].

The measurement principle of the Rogowski coil is based on an idea from A. P. Chat-
tock in 1887 [94]. Since the publication of W. Rogowski and W. Steinhaus in 1912

73
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Conductor— PCB tracks and vias

Figure 5.1: Sketch of PCB embedded Rogowski coil, according to [93]

[95] it is called Rogowski coil or Rogowski current transducer. Measuring the mag-
netic field strength along a closed contour provides the enclosed current according
to Maxwell-Ampere equation [96].

%ﬁ : d? - Ienclosed (51>
C

Building a coil around a conductor with the current density 7, as outlined in Fig. 5.1,
the surrounding magnetic field can be measured using the Maxwell-Faraday equation
[96].

o d ({= —  do
Foag—_4 Y .
7{ 5 dt//B ad = -5 (5.2)
C A

The measured voltage Vg at the coil terminals A and B is integrated to obtain a
signal that is proportional to the current in the enclosed conductor. Due to this
relation between current and measurement signal the Rogowski coil can only be
used to detect AC signals. At first glance, this is a criterion for exclusion from
using it for closed-loop current control for example in a de-dc converter, because
the Rogowski coil would only measure the AC part (Fig. 5.2b) of the output current
(Fig. 5.2a). However, a PCB embedded Rogowski coil can be built such that only
the current of the high- or low-side semiconductors (Fig. 5.2c) are detected. Still,
the output signal from the Rogowski coil has no de-component (Fig. 5.2d) but due
to the fact that the amplitude of the current is always zero during the turn-off
interval, the electronics resets the measurement signal while the current is known
to be zero. Thereby, the actual current waveforms can be reconstructed (Fig. 5.2e).

A prototype of a PCB embedded Rogowski coil built within the scope of the HI-
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LEVEL project [83]. It comprises a MOSFET half-bridge built on a 4-layer PCB.
The coil is wound on the inner layers using buried vias. After some iteration steps
regarding the integrator electronics, measurements of little noise, good dynamic
quality and high immunity to voltage gradients were realized [93].

\/

a) de-dc converter inductor current
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b) de-de converter inductor current seen by Rogowski coil
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d) dc-de converter high-side switch current seen by Rogowski coil
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¢) de-dc converter high-side switch current
seen by Rogowski coil with reset functionality

Figure 5.2: PCB embedded Rogowski coil feasible for de-dec converter current control
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5.1.3 Thermal resistance

The thermal resistance of todays PCB-based power module prototypes is already
on the same level as comparable DCB-based modules. Future research on thermally
high conductive prepreg materials will bring a clear reduction of thermal resistance,
e.g., Panasonic CV2079D with 5 W/mK. Together with large thermal capacities
close to the power semiconductors by using thick leadframes materials, modules
with superior thermal impedance can be generated. Moreover, double sided cooling
further enhances the thermal performance leading to an increased power density.

5.1.4 Thermo-mechanical stress

The advantageous thermal impedance not only leads to lower absolute chip tem-
peratures (if output power is kept constant) but also decreases the amplitude of
chip temperature swings caused by the sinusoidal shape of the output current and
by changing load conditions. The better CTE match of materials in a PCB based
power module causes less critical material joints except for the die attach which is
stressed more because the high CTE of the thick copper leadframe is not attenuated
as it is the case on a DCB. However, this issue can be overcome by using smaller
chips sizes. All this leads to a higher reliability of the PCB based power module.

Power cycling tests of PCB based power modules (p? Pack) show that 5-10°...1-10°
cycle with temperature swings of 120 K are possible if an Ag-sintering process is
used for the die attach (Fig. 5.3).
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* Cycling started with amplitude 80K, later increased to 120K. Adaption from 80K to 120K with Coffin-Manson coefficient = 3
** 4/5 of sintered 200um chip samples did not reach EOL before test was terminated. Shaded area symbolizes higher lifetime potential.

Chip: MOSFET, 60V

Pcb-material: Panasonic R14-T

Test condition: 120K temperature amplitude, 2s/2s pulse length
EOL criteria: electrical fail, increase in temperature > 30K, R, +20%

Figure 5.3: Power cycling capability of embedded power semiconductors, according

to [97]
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5.1.5 Cost

PCB based power modules promise numerous cost advantages:

Isolations layer: Prepreg instead of ceramics — Save material costs
Integration of logic and power board — Save connectors

Enhanced thermal performance — Save cooling

Higher switching frequencies — Save passives

EMC measures inside pcb — Save filter components

Space reduction — Crucial in hybrid cars

Comprehensive studies that consider all manufacturing and overall system costs
have not been conducted so far.

5.1.6 Electric performance

In addition to the efficiency gain by reduced conduction and switching losses, there
are several advantages that arise from the smaller dc-link inductance.

The power semiconductors are less stressed by overvoltage peaks.

The driver circuit of power semiconductors often contains some circuitry (e.g.,
active clamping) that suppresses high overvoltages that could destroy the
power semiconductor. This is especially necessary to safely turn off the device
under short-circuit condition. A very small dc-link inductance might allow to
omit the additional circuitry.

If the reduction of the turn-off overvoltage is not the primary goal, the power
semiconductors can be switched faster (i. e., higher 4 and %) to further

dt
reduce the switching losses.

A lower dc-link inductance reduces the characteristic impedance Z, = \/%
of the system which leads to a lower tendency of oscillations between dec-link
inductance and capacities of chips, busbars and capacitors.

A higher dc-link voltage is possible due to reduced overvoltages. For some
converter types this can be used to increase the output power.

The enhanced EMC performance makes it possible to use less filter compo-
nents.
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5.2 System simulation

After describing different power modules thermally and electrically in chapter 4 and
outlining the general benefits of PCB based power modules, a case study is done
to assess quantitatively the advantages by means of exemplary applications. The
work flow of the case study is outlined in Fig. 5.7. The semiconductor models for
the PLECS converter model are fed by the beforehand acquired data, i.e. thermal
equivalent circuit and temperature dependent conduction and switching losses. As
the thermal equivalent circuit is obtained by simulation of only one IGBT and diode
chip, it is scaled with a factor of three to accord with the real modules, where three
chips in parallel are used. Each topology is simulated with Type 1, Type 2 and
Type 5 module. Due to the fact, that Type 5 module is not measured electrically,
the loss model of Type 1 is implemented. Each module is simulated with two chip
variants: Firstly, the conventional chip configuration with single chips for IGBT and
diode. Secondly, RC-IGBTs are used. The simulation outputs the characteristic of
the junction temperature and the maximum output power for a limited junction
temperature depending on the packaging and the chip technology.

5.2.1 Topologies
The two evaluated converter topologies are
1. a B6 drives inverter

2. a three-phase dc-dc converter

Both converters are built with B6 power modules. The respective equivalent circuits
are shown in Fig. 5.4 and 5.6.

5.2.2 Operating points

Typical operating points are chosen to simulate the performance of the different
module technologies in the specific application.

5.2.2.1 Drives inverter

The drives inverter shall be rated to control a permanent magnet synchronous
machine (PMSM) with

e maximum output power P, = 50kW

rated speed n,om = 6,000 rpm

o maximum speed Nyax = 10,000 rpm

« number of pole pairs Nygle = 5
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Figure 5.4: Simulated topology: B6 drives inverter

The drives inverter is rated to provide full power P,.. to the machine within the
dc-link voltage range from 250 to 450 V. The phase voltage is directly proportional
to the machine speed n up to nominal speed n,,, where the field weakening area is
entered. In this area (n > Npem) the maximum phase voltage Vihmax is supplied
by the inverter. Depending on the modulation strategy (space vector modulation
(SVM) or sine-triangle pulse width modulation (PWM)), the inverter is able to
generate V, max according to:

yo V6 (5.3)

e enin. — 09520V — 84,0V valid for PWM

with dpax = maximum duty cycle (5.4)

D Vdeumin — 095950V — 970V valid for SVM
Vpthax =
2-v2

In the following, it is assumed that the inverter is controlled with space vector
modulation (SVM), because a higher utilization of the dc-link voltage can be
realized.

The maximum phase current at P, is

1 1 50kW
= 22 900224 .
5 085 orv (5:5)

1 1 Pt
3 cos¢  Vphmax

Vph7max =

The thermo-electrical simulation of the drives inverter is done at three different
speeds, exemplary. At low speed (1,000 rpm) the diodes carry more current com-
pared to high speed operation. Also, large temperature swings are expected at
low speed operation. Contrary to this at rated speed (6,000rpm) and at high
speed (10,000 rpm), when the machine is operated in the field weakening area, the
transistors carry more current, but temperature swings tend to be less.
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Table 5.1: Simulated operating points of drives inverter
Operation Phase current Phase voltage Speed Inverter output

point in A inV inrpm  power in kW cosw
1 202 16.2 1,000 8.3 0.85
2 202 97.0 6,000 50 0.85
3 202 97.0 10,000 50 0.85
A
Torque M ;
Power P,
n n > Speed n

nom max

Figure 5.5: Power and torque over speed for PMSM

5.2.2.2 Dc-dc converter

A dc-dc converter (illustrated in Fig. 5.6) for an automotive traction drive is used to
link the high-voltage battery and the drives inverter. It adjusts the dc-link voltage
to the most advantageous value to make the traction most efficient. To realize
recuperation from the electrical machine to the battery, the dc-dc converter has
to be able to operate bi-directionally. Usually, the battery voltage is lower than
the desired dc-link voltage. Hence, the dc-dc converter operates in boost mode for
normal drives operation and as a buck converter during recuperation.

In a propulsion drive inverter all semiconductor chips of a B6-bridge are used due
to the sinusoidal output current characteristic. This is not the case for a dec-dc
converter. In buck mode, i.e. when the load current Ij,,q is positive, only the
high-side IGBTs and low-side diodes are conducting and switching current. Vice
versa, the low-side IGBTs and high-side diodes are conducting when the dc-dc
converter is in recuperating energy, i.e. boost mode (negative load current according
to Fig. 5.6). Therefore, using the same power module for a drive inverter and a
dc-dc converter leads to diverging output power capabilities.

The performance of different module technologies in a de-dc converter was compared
in a simulation with the following boundary conditions:

o Battery voltage Vi, =225V

o Inverter dc-link voltage V, = 450V
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Figure 5.6: Simulated topology: Dc-dc converter

Switching frequency fs, = 10kHz

o Coolant temperature T, = 85°C
o Maximum junction temperature 7; = 125°C

 Operation in continuous conduction mode (CCM)

Only boost mode of the de-dc converter is considered in the following, because of
its symmetry compared to the buck mode. Regarding thermal evaluations, the
only difference is that losses are shifted from high- to low-side and vice versa. The
transferred power is chosen such that the maximum junction temperature is reached
(£0.5K).
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5.2 System simulation
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Figure 5.7: Tool chain: From module design to system performance
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5.3 Results

5.3.1 Losses

As shown in section 4.4, the semiconductor losses of a Type 2 module are lower
compared to a conventional Type 1 module. The resulting losses in an application
are analyzed on the basis of a three-phase propulsion drive inverter. The simulated
operating points are outlined in Section 5.2.2.1. At the lowest level of the dc-link
voltage range (Fig. 5.8(a)) roughly 60 W per chip pair (IGBT with FWD) are
dissipated. The losses of the Type 2 module are about 5 % lower compared to the
Type 1 module. At rated speed the portion of diode conduction losses is much
lower compared to low speed condition. This is due to the higher modulation index
used at rated speed. At the upper end of the dc-link voltage range (Fig. 5.8(b)) the
same effects can be observed as at 250 V. Torque, and hence also current, remain
the same. Therefore, the conduction losses are almost equal for 250 and 450 V.
However, the larger dec-link voltage leads to analogously increased switching losses.
This is why the overall losses per chip pair are approximately 85 W.

Finally, the advantage of the PCB based power module regarding turn-off overvoltage
is incorporated to the loss comparison. The reduction of overvoltage by 60V
(see 4.4.3) is included in the simulation by shifting the dc-link voltage range of
the Type 2 module by the same amount of voltage. Consequently, higher phase
voltage can be applied to the machine. Keeping the output power constant, lower
motor currents are necessary, leading to lower (semiconductor) conduction losses.
Simulation shows, that all loss components are decreased at higher dc-link voltage.
In this configuration, the advantage of the Type 2 module regarding losses is 14 %.

5.3.2 Characteristic of the junction temperature

The loss simulation applies the thermal equivalent circuits from Section 4.1.3.1 to
determine the junction temperatures as well as the temperature of the different
packaging layers. Three chips in parallel are used for both topologies. As the
dc-dc converter is operated with a stable duty cycle, the junction temperature does
not fluctuate significantly. Against this, in a drives inverter the semiconductor
chips are conducting depending on the orientation of current flow in the respective
motor phase. Consequently, the load on a certain semiconductor is pulsating not
only with switching frequency but also with the fundamental electric frequency of
the motor. The temperature swings caused by the switching frequency are very
small as described above for the de-dc converter. Against this, at low fundamental
frequencies large temperature swings might be induced by the fluctuating current
load.

The temperature swings at 1,000rpm are shown in Fig. 5.9 at 250 and 450V,
respectively, for Type 1 (a)-(b), Type 2 (¢)-(d) and Type 5 (e)-(f). Type 1 and 2
reveal very similar swinging characteristics due to their similar thermal impedance
curves in the range up to 0.1s. The swinging amplitude is about 3K (peak-to-
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peak) for the IGBTs as well as for the diodes. For larger time values the thermal
impedance of the Type 2 module is higher which causes an increased mean junction
temperature even though its losses are lower.

The temperature swings of the Type 5 module are much higher (10 — 13 K), but at
a significantly lower mean value. The large temperature swings are caused by the
relatively high thermal impedance at small time values (< 0.1s). The low mean
value comes from the small static thermal resistance (Fig. 4.6).

At higher speed the temperature swings become smaller (Fig. D.1) and smaller
(Fig. D.2). At 10,000 rpm even the temperature swing of the IGBT in the Type 5
module at 450V is only 2 K.

Regarding temperature swings the RC-IGBT provides a great advantage: In a
module with single chips for IGBT and diode the current changes over to the nearby
semiconductor when it switches its orientation in the motor phase. The formerly
conducting chip enters a cool down phase until current changes back. This is not
the case when using RC-IGBTs because IGBT and diode are combined in one
chip. This leads to more stable power dissipation and, consequently, to a smoother
junction temperature characteristic. The amplitude of the temperature swing can
be reduced by a factor of more than two (compare Fig. 5.9-D.2).

In Fig. 5.10 the temperature characteristic in the different layers of each module is
depicted. In the Type 1 and 2 module the layers adjacent to the chip follow the
temperature swing, whereas, in the Type 5 module only the temperature of the
chip swings and the leadframe temperature remains almost constant.

5.3.3 Power density

The simulation of the dc-dc converter focuses on the maximum output power
under the condition of a maximum junction temperature of 125°C. According
to Fig. 5.11, the possible output power is within a range from 21 kW (Type 2)
to 37TkW (Type 5) for the single chip configuration. This relates to the thermal
equivalent circuits on which the simulation is based on. Changing from single chips
to RC-IGBTs an output power increase of 15 — 20 % is obtained because of a better
cooling performance. Usually, in a de-dec converter with single chips the non-active
chips are not used at all. They are only necessary when power flow is inverted or
zero-crossing of the current occurs. Against this, in a RC-IGBT the chip area of
the non-active elements is used as additional cooling path to reduce the thermal
impedance (Fig. 2.5).



5 System Level Implications

85

120 T T
mmm IGBT Conduction
100 |- B IGBT Switching
3 Diode Conduction
= 80 - I Diode Switching
2 60|
8
~ o)
20 |
0
DCB PCB DCB PCB DCB PCB
1,000 rpm 1,000 rpm 6,000 rpm 6,000 rpm 10,000rpm 10,000 rpm
Module and speed
(a) Vbe =250V
120
100 |-
80 -
=
2 60|
8
= a0f
20 |
DCB PCB DCB PCB DCB PCB
1,000 rpm 1,000 rpm 6,000 rpm 6,000 rpm 10,000rpm 10,000 rpm
Module and speed
(b) Vbc =450V
120
100 |-
80
=
60l
8
~ o)
20
0

DCB PCB DCB PCB DCB PCB
1,000 rpm 1,000 rpm 6,000 rpm 6,000 rpm 10,000rpm 10,000 rpm

Module and speed
(¢) Vbe =450V for DCB and Vpe = 510V for PCB
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6 Conclusion

6.1 Summary

The objective of this work is to investigate several packaging technologies regarding
their suitability for application within an automotive drive train. The simulation of
a B6 drives inverter and a dc-dc converter that feeds the drives inverter with energy
from the high-voltage battery is used to investigate the achievable power density of
each packaging technology and the transient junction temperature characteristics.
After discussing the evolution of power module technologies from the first industrial
power module (in the year of 1975) to the state-of-the-art, chip embedding is
introduced as an alternative packaging technology. It is shown how a 50-kW power
module can be built that uses a high-current PCB as an integration platform for
embedded power semiconductor chips. The prototype of this module, as well as a
state-of-the-art DCB based module and a press-pack IGBT module are characterized
by means of thermal and electrical measurements to build the database for the
aforementioned simulations on converter level. Besides the measurements, thermal
simulations of additional module concepts are done to study variants of PCB based
power modules.

The thermal simulations of five different types of modules are done for transient
operation modes. Losses are considered homogeneously inside the volume of the
IGBT, the free-wheeling diode FWD and RC-IGBT chip, respectively. By suddenly
rising the losses from zero to a certain constant positive value the thermal step
response, i.e. the transient thermal impedance, of the modules is calculated. The
double-sided cooling version of the PCB based power module reduces the stationary
thermal resistance by more than 40 % compared to the single-sided cooling version.
The press-pack module achieves one of the lowest steady-state thermal resistance.
However, the transient thermal impedance at small times (< 107's) is high due
to the pressure contact. This larger transient resistance causes larger temperature
amplitudes during fast thermal cycles. The stationary thermal resistance of the PCB
based power module is 17 % higher compared to the DCB based module. The PCB
based module without electrical insulation shows an outstanding heat spreading
capability which means that an increase of the cooling area highly decrease the
thermal resistance. The heat spreading performance of the PCB based module with
insulation does not differ from the DCB based module even though its leadframe is
significantly thicker than the upper copper layer of the DCB. However, it is possible
to highly improve the heat spreading by increasing the leadframe thickness from
0.55mm to 2...3 mm which is theoretically possible in a PCB production process.

Thermal impedance measurements do not perfectly match the simulation results.
Besides possible inaccuracies in the modeling and measurement, the main contributor
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to the deviation is the difference between real module geometry and the simplified
geometry used for the simulation. This is reasonable because larger deviations mainly
occur at high time constants. For use of the thermal impedances in the converter
simulations, they are fitted with a Foster network approach. Four RC-elements are
found to be sufficient to achieve good accuracy. Additionally, a physically correct
thermal Cauer network is generated to enable the simulation of temperatures of all
the layers inside the power modules.

Besides the thermal description of the power modules, their electrical parameters are
required as input data for the converter simulations. This comprises the conduction
as well as the switching losses and, moreover, the occurring overvoltages during
IGBT turn-off. The DCB based power module and the PCB based module are
extensively tested to get a comprehensive overview of their aforementioned electrical
characteristics. It turns out that the lower dc-link stray inductance of the PCB
based module causes significantly reduced switching losses (up to 40 %, depending
on the operation point). Moreover, the absence of bond wires clearly improves the
conduction behavior by reducing the forward voltage drop. The turn-off overvoltages
of the modules are mainly determined by their de-link stray inductance (assuming
the same gate control circuit is used). During the design phase of the PCB based
module this was accounted for by simulating and optimizing this parasitic inductance
with the help of a PEEC tool. Dec-link stray inductance measurements validate the
simulation results. With 1.5nH the inductance is ten times lower compared to the
state-of-the-art power module. Finally, the measurement of the EMC performance
shows almost identical common mode interference. However, above 1 MHz the
differential mode interferences are much lower for the low-inductive PCB based
module.

The advantage of PCB based power modules on system level are discussed in chapter
5. Amongst other aspects, a concept for a PCB integrated Rogowski coil is studied
that even allows the measurement of dc output currents. The converter simulations
are used to deduce the advantage of the PCB based module regarding losses in a
real application. In the drives inverter the overall losses are reduced by 5 %. Taking
into account the lower overvoltage that allows to increase the dc-link voltage a loss
reduction of 14 % is possible. A dc-dc converter in steady state operates at almost
constant temperature. Hence, the transient junction temperature characteristics
are investigated using the example of the drives inverter that produces more or less
sinusoidal output currents. Due to their comparable thermal impedances in the
range of up to 0.1s the DCB and PCB based power modules show similar junction
temperature swinging characteristics. Contrary to this, the temperature swing of
the press-pack module is much larger due to the high transient thermal impedance
at low time constants. The RC-IGBT is able to reduce the temperature swings by a
factor of more than two because both losses of IGBT and FWD are generated inside
the same chip. The simulation of the dc-dc converter focuses on the maximum
output power that can be achieved while keeping the junction temperature below
125°C. Even though the losses of the PCB based module are lower compared to
the DCB based module, its higher steady-state thermal resistance leads to a lower
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maximum output power. The press-pack module allows approximately 60 % more
output power due to its superior stationary thermal resistance. The RC-IGBT
allows to increase the output power by 15 — 20 % because a larger chip area is used
for cooling compared to the standard chip configuration.

6.2 Future Work

The tool chain presented in this work reaches from the thermal and electrical
design of IGBT power modules via their characterization measurements to system
simulations. The simulation output data comprises maximum output power and
temperature characteristics of all layers within the module. Together with a detailed
mission profile, the junction temperature characteristic can be used as an input
to a lifetime model in order to predict the lifetime of the power module, possibly
limiting the maximum output power to a lower value than calculated before. The
advantage regarding lifetime of the RC-IGBT by reducing temperature swings could
be quantified with this and reveal its potential for the respective module concept.
The lifetime model has to be obtained from power cycling test. The detailed thermal
simulation of the different layers can be used to find the most critical material joints.
For this, detailed lifetime models of these material joints are required.

The cost structure of different module concepts is only roughly sketched in chapter 5.
A more detailed investigation requires the collection of data regarding material
and production process costs as well as an analysis of the expenditures regarding
cooling, passive components, EMC filter and installation space.

The thermal impedances of the power modules used for system simulation were
taken from thermal simulations. This ensured good comparability between all
module concepts. However, the thermal impedance measurements with the available
prototypes showed distinct deviations from the simulation results. The main
reason for this has not been clearly identified so far. To solve this issue the same
geometry has to be used for simulation and measurement which means that either
the simulation model has to represent the complete module or measurement samples
have to be built that reproduce the simplified geometry that was used in the
simulation.

The thermal coupling between IGBT and FWD is taken into account by connecting
them to the same heatsink in the thermal Cauer network. This produces fairly
accurate results. A more sophisticated approach is to measure the thermal trans-
fer functions between all chips which leads to a multi-terminal thermal network.
However, with this method it will be very complicated to generate a Cauer network
that represents the real physical module geometry.

Apparently, the amplitude of the junction temperature swings are quite moderate
in the examined application due to the high fundamental frequency of the output
currents even at low speed of the electric motor. In other applications, such as DFIG
systems (doubly-fed induction generator) for wind turbines, much lower frequencies
occur. This might utilize the temperature swing reducing properties of the RC-IGBT
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even more than in automotive applications and is worth an investigation if the
aforementioned lifetime model is made available.



A Material Parameters

Table A.1: Thermal properties of packaging materials

Thermal conductivity Thermal capacity

Thermal capacity

in W/ (m - K) inlJ/(g-K) in J/ (cm? - K)
Si 130 0.70 1.63
Cu 400 0.39 3.35
ALO, 24 0.73 2.90
Prepreg 2.5 1.37 2.60
Solder (Sn) 63 0.23 1.65
Ag sinter layer 250 0.24 1.43
Laservias (30 %) 122 1.07 2.83
Laservias (5 %) 22 1.32 2.64

Table A.2: Mechanical properties of packaging materials

CTE Density  Young’s modulus
in 107°/K in g/cm? in GPa
Si 2.6 2.33 170
Cu 17.0 8.70 110
ALO, 6.5 3.97 400
Prepreg 18.0 1.90 22
Ag sinter layer 18.9 6.10 83
Solder (Sn) 23 7.3 50
Laservias (30 % density) 17.7 3.94 48
Laservias (5 % density) 18.0 2.24 26
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B Thermal Simulation Results
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Figure B.1: Diode thermal impedance simulation results (Foster fitting)
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Table B.1: Fitting parameter of diode thermal impedance curves (Foster model)
i 1 2 3 4
Riin Q 3.52-107% 1.34-107! 3.31-1072 3.50-107!
7ins  3.74-107% 3.33-107' 1.65-107% 2.10-10°
RiinQ 3.47-107' 382-107% 212-107' 2.26-1072
7ins  4.18-107% 1.94-10° 245-107' 7.01-107*
RiinQ 3.09-107% 1.18-107! 850-1072 3.62-1072
rins  1.88-10° 3.99-107' 2.69-107* 1.11-1073
R, in§ 256-10° 1.01-10" 1.79-102 1.88-10 "
7ins  3.73-107% 220-107' 1.06-1073 1.78-10°
Tvoe 5 RiinQ 1.15-107% 3.66-10~! 1.66-107' 5.49.1072
YPEO fins  1.36-1072 2.38-107%  1.78-10° 2.83-107
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Figure B.3: IGBT thermal impedance simulation results (Diode heated simultane-
ously)

Table B.2: Fitting parameter of RC-IGBT thermal impedance curves (Foster model)
i 1 2 3 4
RiinQ 992-1072 1.40-107% 883-107° 3.21-107*
nins  3.65-107' 4.93-107%2 1.34-107% 2.21-10°
RiinQ 5.13-107% 1.23-107% 3.40-10"! 2.10-107*
7ins  3.72-107* 3.59-107! 2.10-10° 7.72-1072
RinQ 124-102 293-102 8.68-102 2.90-10 "
nins  1.35-107% 4.58-1072 4.01-107' 1.94-107°
RiinQ 6.05-1072 1.64-107% 1.33-107' 3.84-107°
7ins  3.22-107% 1.94-10° 5.86-1072 5.03-107*
RiinQ 3.92-1072 1.08-107! 1.53-107' 4.52-102
7ins  1.14-107%2 2.29-107* 1.86-10° 2.78-107!
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C Electrical Measurements Results

Switching losses in mJ

30

28

26

24

22

20

18

16

14

12

10

|

—o— Eog1apT —25°C
—o— Eog 1apT 25°C
EogiapT 75 °C
—o— Eog 1aT 125°C
-+- Eon g —25°C
-+~ Eon T 25°C
Eoniapr 75°C
- - Eon,IGBT 125°C
e Eoff,diode —25°C
- = Eog diode 25°C
Eoff,diode 75°C
i Eoff,diode 125°C

| | |
250 300 350

IC in A

Figure C.1: Switching losses Type 1 at 400 V

|
400 450

500

105



106

Switching losses in mJ

30

28

26

24

22

20

18

16

14

12

10

—o— Eor1gBT —25°C
—o— Eog et 25°C
Eog g 75°C )
—o— Eog et 125°C -
-+~ Egn gt —25°C A
-4~ Eoniapt 25°C -’
EoniageT 75°C - 1
-+~ Eo gt 125°C Y .
"X"Eoﬁ,diode —25°C //// e
- = Boff diode 25 °C 4 A
Eog diode 75°C - -
e Eoﬁ,diode 125°C

| | | | |
250 300 350 400 450

Ic in A

|
200

|
150

100 500

Figure C.2: Switching losses Type 2 at 400 V



C Electrical Measurements Results

107

Switching losses in mJ

Switching losses in mJ

30

]

—o— Eog 1T Type 1
—o— Fog 1T Type 2
-4- Eon et Type 1
20 -+~ EoniapT Type 2
= - o diode Type 1
e Eoﬂ,diode Type 2

10

T

0 50 100150200250300350400450500

IC in A
(a) —25°C

30

]

—o— Fog et Type 1
—o— Eog 1T Type 2
-+- Egn et Type 1
20 -+~ Eonigar Type 2
e Eoﬂ,diode Type 1
-~ Eoff diode Type 2

X~ | | | | | | | |
0O 50 100150200250300350400450500

Lgin<A
(c) 75°C

Switching losses in mJ

Switching losses in mJ

30

20

10

30

20

10

0

]

—o— Eog 1T Type 1
—o— Eog1aT Type 2 B¢
-4- Eoniest Type 1
-+~ Egn et Type 2
= - o diode Type 1
e Eoff,diode Type 2

T

x-x""7 | | | | | |

O() 50 100150200250300350400450500

IC in A
(b) 25°C

]

—o— Fog 1et Type 1
—o— Eog 1T Type 2
-+- Egn et Type 1
-+~ Eoniger Type 2 |
e Eoff,diode Type 1
-~ Eoff diode Type 2

0 50 100150200250300350400450500
Lgin<A

(d) 125°C

Figure C.3: Comparison of the switching losses at 400 V



108

VCE in V, IC in A, IDIGBT in kW

VGE inV

500 - B 500 -
4
g
400 + c 400 +
Mm
©
300 %300
—— Type 1 <
—— Type 2 =
200 P 200
~
e
100 = 100f
8
0 = 0
20 2 -
B > B
10 = 10
[€a]
0 :S 0
_10 | | | | | _10 | | | | |
—0.6 —0.4 —-0.2 O 0.2 04 0.6 —-0.6 —04 —-0.2 O 0.2 04
t in ps t in ps
(a) 100 A (b) 200 A
B 500 -
4
g
y 400
m
o
%300
<
H 200
S
-
= 100 |
g
= 0
20
>
= 10
5
SR
_10 | | | | |
—-0.6 —04 —-0.2 O 0.2 04 0.6
t in ps
(c) 400 A

Figure C.4: Comparison of the turn-off at 400V and 25°C

0.6



C Electrical Measurements Results 109
B 700 B 700
i v
= 600 | = 600 |
- -
5 500 = 50|
= = 400
< < — Type 1
g £ 300 —— Type 2
S 5
o o 200
8 g
~ ~ 0
20
> B > B
= 10 = 10
& 3
O 0, & ol
_10 | | | | | | _10 | | | | |
—-0.2 O 0.2 04 06 0.8 1 —-0.2 0 02 04 06 0.8 1
tin ps t in us
(a) 100 A (b) 200 A
= 700
-~
= 600
o
o 500
a8
< 400 " ——Type 1 [0
£ 300 — Type 2
<
o 200
2 100
8
~ 0 I
20
> n
= 10
S
SR
_10 | | | | |
-0.2 0 0.2 04 06 0.8 1
tin us
(c) 400 A

Figure C.5: Comparison of the turn-on characteristic at 400 V and 25°C



110



T in °C

Tj in °C

T in °C

125 T T
120 | 1
115 |- ——DCB IGBT
—— DCB Diode
LA DCB RC-IGBT WM
11 | T
0 9.98 9.99 10
tins

(a) Type 1, Vpc = 250V

130 T T
195 SAAAANAANANANNS
120 - .
—PCB IGBT
115 —— PCB Diode N
(NSNS NN PCB RC-IGBT N
| T
110 9.98 9.99 10
tins

(c) Type 2, Vpc =250V

T T

110 n

AAAAAANY

105 7 — PP IGBT
—— PP Diode
s PP RCIGBT
| T
100 9.98 9.99 10
tin s

(e) Type 5, Vpc =250V

T in °C

Tj in °C

T in °C

D System Simulation Results

140 |- | |
MAAAANAAANAAN
130 1 ——DCB IGBT
—— DCB Diode
LA A A AN -
195 l DCIB RC-IGBT |4
9.98 9.99 10
tins

(b) Type 1, Ve = 450 V

T T
15 L ACAAAAAAAAAAA
NN NN NN NN N Y
140 N
135 - — PCB IGBT
130 | —— PCB Diode |
PCB RC-IGBT N
9.98 9.99 10
tins
(d) Type 2, Vpbc =450V
T T
120
1s EAAAAAAAAAAM
—— PP IGBT
110 kAN SN —— PP Diode N
PP RC-IGBT
| T
9.98 9.99 10
tin s

(f) Type 5, Vpc = 450V

Figure D.1: Junction temperature characteristic at 6,000 rpm

111



Tj in °C

T in °C

Tj in °C

112

125

MWANANAANAANNAANANN
120 n
115 - —— DCB IGBT

Lo Aot —— DCB Diode o

DCB RC-IGBT
110 ‘ ;
9.98 9.99 10
tins

(a) Type 1, Vpc =250V

130 ‘ ‘
AANAANN
125 - 8
120 |- |
—PCB IGBT
115 PPN PCB Diode ¥
PCB RC-IGBT
| T
110 9.98 9.99 10
tins
(c) Type 2, Vpc =250V
T T
110 |- .

AMMAMAAAMAMA

105 - PP IGBT
—— PP Diode
100 . .
9.98 9.99 10
tins

(e) Type 5, Ve = 250V

T; in °C

T; in °C

T in °C

T T
140 AAMAMAMAMAAAA AR
135 5
130 | —DCBIGBT ||
InAAAAAAN — DCB Diode A
1951 | DCB RC-IGBT ||
9.98 9.99 10
tins

(b) Type 1, Vpc =450V

[
AN AR

VNN NN NN

145

140 s
1357 — PCB IGBT

130 —— PCB Diode |

KARAANAAN] PCB RC-IGBT
| T
9.98 9.99 10
tins

(d) Type 2, Vpc =450V

T T

115 s

—— PP IGBT
NANAANANAN
110 —— PP Diode N
PP RC-IGBT
| T
9.98 9.99 10

tins

(f) Type 5, Ve = 450 V

Figure D.2: Junction temperature characteristic at 10,000 rpm



List of Abbreviations

AC
ASIC

BIGT

CCM
CTE

DC
DCB
DFIG

EMC
EMI
EU
EV

FEM
FWD

HDI
HEV
HSI
HVDC

IGBT
IMS

LISN

MOSFET
MTBF

NPT-IGBT
PCB

PEEC
PHEV

Alternating current
Application-specific integrated circuit

Bi-mode insulated gate transistor

Continuous conduction mode
Coefficient of thermal expansion

Direct current
Direct copper bonded
Doubly-fed induction generator

Electromagnetic compatibility
Electromagnetic interference
European union

Electric vehicle

Finite element method
Free-wheeling diode

High density interconnect
Hybrid electric vehicle
Heat spreading index
High-voltage, direct current

Insulated gate bipolar transistor
Insulated metal substrate

Line impedance stabilization network

Metal-oxide-semiconductor field-effect transistor
Mean-time between failures

Non-punch-through IGBT

Printed circuit board
Partial element equivalent circuit
Plug-in hybrid electric vehicle

113



114

List of Abbreviations

PMSM
PT-IGBT
PWM
PZEV

RC-IGBT

SVM

VSI

ZEV

Permanent magnet synchronous machine
Punch-through IGBT

Pulse width modulation

Partial zero emission vehicle

Reverse conducting insulated gate bipolar transis-
tor

Space vector modulation
Voltage source inverter

Zero emission vehicle



List of Symbols

JAVS

HUn
Hp
Ho

O¢l
Teff

Acm

Ar

C’el

Cin

DC-
DC+
Ea

Eog diode
Eog 1GBT
Eon,IGBT

Heat transfer coefficient

Emissivity

Plastic strain

Thermal conductivity

Electrons mobility

Holes mobility

Permeability of vacuum (magnetic constant)
Stefan-Boltzmann constant

Electrical conductivity

Charge carrier lifetime

Surface area

Acceleration factor for number of cycles

Thermal acceleration factor

Electrical capacitance

Thermal capacitance

Lower potential of the dc-link in a converter
Higher potential of the dc-link in a converter
Activation energy

Diode turn-off losses (Reverse-recovery losses)
IGBT turn-off losses

IGBT turn-on losses

Magnetic field strength

Collector current of an IGBT

Electrical current

Forward current of a diode

Heating current for thermal impedance measure-
ments

Measurement current to detect temperature during
thermal impedance measurements

Stray inductance

Lifetime at elevated test temperature

Lifetime under normal operation temperature
Number of cycles to failure

Number of cycles to failure at increased thermal
cycling magnitude

Number of cycles to failure under normal operation
temperature

115



116

List of Symbols

N, passive
N, pole
P diode
Pigpr
Ploss

P, max
Q

Q
Qcond
Qconv

Qrad
R

Rel
Ry

Rth,ja,O

Rth,ja,min

T
vT
Ta

T,
ATy
Thigh

Vam

V;lrift
Vr
Var—

Number of passive temperature cycles

Number of pole pairs

Losses in a diode chip

Losses in an IGBT chip

Power losses

Maximum power

Thermal energy

Heat flow

Heat flow by conduction

Heat flow by convection

Heat flow by radiation

Universal gas constant

Electrical resistance

Thermal resistance

Thermal resistance from junction to ambient with-
out heat spreading

Thermal resistance from junction to ambient with
maximum heat spreading

Temperature

Temperature gradient

Elevated temperature during accelerated lifetime
test

Ambient temperature

Magnitude of thermal cycles during test

Higher temperature limit of standard automotive
passive temperature cycle

Junction temperature

Lower temperature limit of standard automotive
passive temperature cycle

Medium junction temperature during power cy-
cling

Heat sink temperature

Temperature at normal operation

Magnitude of thermal cycles during normal opera-
tion

Electrical voltage

Collector-emitter voltage of an IGBT

Common mode disturbance in EMC measurement
Differential mode disturbance in EMC measure-
ment

Voltage across the drift region

Forward voltage of a diode

Disturbance voltage of negative supply terminal
in EMC measurement



List of Symbols

117

Virs

Vi

‘/:)ut
Voh,max
Zy

Zin
Zth,ja

d
Jow
di

('it

Disturbance voltage of positive supply terminal in
EMC measurement

Input voltage

Output voltage

Maximum phase voltage

Characteristic impedance

Thermal impedance

Thermal impedance from junction to ambient

Geometric distance

Switching frequency

Slope of changing current

Density of the electrical current

Boltzmann’s constant

Geometric length

Speed of an electric machine

Electrons charge carrier concentration in a highly
doped region

Maximum speed of an electric machine

Nominal speed of an electric machine

Holes charge carrier concentration

Holes charge carrier concentration in a highly
doped region

Time

Slope of changing voltage

Geometric width

Thickness of the drift region



118



List of Figures

1.1

2.1
2.2
2.3
24
2.5
2.6
2.7

3.1
3.2
3.3

3.4
3.5
3.6

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

4.12

4.13
4.14
4.15
4.16
4.17

Oil price from 1861 to 2015, from [5] . . . . . . ... ... ... .. 2
One-dimensional heat transfer by conduction through a solid . . . . 6
Thermal equivalent element circuit (Cauer model) . . . . . . . . .. 8
Thermal equivalent element circuit (Foster model) . . . . . . . . .. 9
Semiconductor structure of an RC-IGBT with trench gate [17] . . . 11
Chip area used for cooling in de-de converter (buck mode) . . . . . 12
Inductance of a strip line configuration . . . . . . ... .. ... .. 14
Inductance of a two-wire configuration . . . . ... ... ... ... 14
Ultrasonic bonding process . . . . . . . . . . . ... ... 17
Cross section of sintered IGBT die . . . . . ... ... .. ... .. 18
The process sequence of power component embedding: (a) conductive

chip attach, (b) embedding by lamination, (c¢) via drilling chip and

substrate, and (d) Cu plating and structuring [75] . . . . . . . . .. 24
Dc-de converter with embedded power chip [78] . . . . . . . .. .. 25
Power component embedding for HI-LEVEL project [75] . . . . . . 26
Embedded IGBT die with micro-via top side interconnections (by

courtesy of SCHWEIZER ELECTRONIC AG) . . ... ... ... .. 27
Overview: Power modules concepts . . . . . . ... ... ... ... 29
Examined power module prototypes . . . . . .. ... 31
Simulated section of the power modules . . . . . .. ... ... ... 32
Power module layer construction for simulation . . . . ... .. .. 33
IGBT thermal impedance simulation results (Foster fitting) . . . . . 35
IGBT thermal impedance simulation results (Cauer fitting) . . . . . 37
Cauer thermal equivalent circuit for Type 1 module . . . . . . . .. 38
Cauer thermal equivalent circuit for Type 1 module with (RC-IGBT) 39
Heat spreading capability of different types of modules . . . . . .. 41
Heat spreading index of different types of modules . . . . . . . . .. 41
Heat spreading capability of Type 2 module with different leadframe

thickness . . . . . . . .. 42
Heat spreading index of Type 2 module with different leadframe

thickness . . . . . . . . 42
Test bench for thermal impedance measurements . . . . . . . . .. 43
IGBT thermal impedance measurement results . . . . . . . . .. .. 44
Diode thermal impedance measurement results . . . . . . . . . . .. 44
Crosssection of the switching cell . . . . .. ... ... ... ... . 45
Geometry of the commutation cell in PEEC-simulation . . . . . .. 46

119



120 List of Figures
4.18 Dc-link inductance in dependency of the commutation cell width . . 47
4.19 Dc-link inductance in dependency of the commutation cell length . 47
4.20 Dc-link inductance in dependency of the capacitor heigth . . . . . . 48
4.21 Schematic of the test bench for measuring the output characteristic

of IGBT and diode, from [89] . . . . . ... ... ... ... .. .. 49
4.22 Measured output characteristic (Type 1) . . . . . ... .. ... .. 51
4.23 Measured output characteristic (Type 2) . . . . . ... .. ... .. 52
4.24 Measured output characteristic (Comparison of Type 1 and 2) . . . 52
4.25 Double-pulse test bench for switching loss measurements [89] . . . . 53
4.26 Turn-off Type 1 at 300V . . . . . . . . . .. .. ... o4
4.27 Turn-off Type 1 at 300V . . . . . . . . ... ... 25
4.28 Turn-off Type 2at 300V . . . . . . . . ... ..o 56
4.29 Turn-off Type 2 at 300V . . . . . . . . ... ... Y4
4.30 Comparison of the turn-off at 300V and 25°C . . . . .. ... ... 58
4.31 Turn-on Type 1 at 300V . . . . . . ... ... oL 60
4.32 Turn-on Type 1 at 300V . . . . . . .. . ... .. 61
4.33 Turn-on Type 2at 300V . . . . . . . . . ... ... ... ... ... 62
4.34 Turn-on Type 2at 300V . . . . . . .. .. ... 63
4.35 Comparison of the turn-on characteristic at 300V and 25°C . . .. 64
4.36 IGBT switching trajectory . . . . . . . . . . . ... ... ... ... 65
4.37 Switching losses Type 1 at 300V . . . . .. .. .. ... ... ... 67
4.38 Switching losses Type 2 at 300V . . . . . . .. .. ... ... ... 68
4.39 Comparison of the switching losses at 300V . . . . .. ... .. .. 69
4.40 Extraction of stray inductance during IGBT turn-on . . . . .. .. 70
4.41 EMC measurement with LISN according to CISPR 25 [92] . . . . . 71
4.42 Common mode spectrum . . . . . . . . . .. ... 72
4.43 Differential mode spectrum . . . . . . . . ... 72
5.1 Sketch of PCB embedded Rogowski coil, according to [93] . . . . . . 74
5.2 PCB embedded Rogowski coil feasible for de-dc converter current

control . . . . . .. 75
5.3 Power cycling capability of embedded power semiconductors, accord-

ing to [97] . . . . 76
5.4 Simulated topology: B6 drives inverter . . . . . . . .. .. ... .. 79
5.5 Power and torque over speed for PMSM . . . . ... ... ... .. 80
5.6 Simulated topology: Dc-dc converter . . . . . ... ... ... ... 81
5.7 Tool chain: From module design to system performance . . . . . . . 82
5.8 Semiconductor losses per chip in B6 bridge . . . . . ... ... ... 85
5.9 Junction temperature characteristic at 1,000rpm . . . . . . . . . .. 86
5.10 Temperature characteristic of each layer at 1,000 rpm and Vpe =450V 87
5.11 Maximum output power of de-dc converter built with different module

technologies . . . . . . . . . .. 88
B.1 Diode thermal impedance simulation results (Foster fitting) . . . . . 95
B.2 Diode thermal impedance simulation results (Cauer fitting) . . . . . 96



List of Figures 121

B.3 IGBT thermal impedance simulation results (Diode heated simulta-
neously) . . ... 97

B.4 Diode thermal impedance simulation results (IGBT heated simulta-
neously) . . ... 98
B.5 RC-IGBT thermal impedance simulation results (Foster fitting) 99
B.6 Cauer thermal equivalent circuit Type 2 module . . . . . . . . . .. 100
B.7 Cauer thermal equivalent circuit Type 2 module with RC-IGBT . . 101
B.8 Cauer thermal equivalent circuit Type 5 module . . . . . . . . . .. 102
B.9 Cauer thermal equivalent circuit Type 5 module with RC-IGBT . . 103
C.1 Switching losses Type 1 at 400V . . . . . .. ... ... ... ... 105
C.2 Switching losses Type 2 at 400V . . . . . .. ... ... ... ... 106
C.3 Comparison of the switching losses at 400V . . . . . . .. .. ... 107
C.4 Comparison of the turn-off at 400V and 25°C . . . . . .. ... .. 108
C.5 Comparison of the turn-on characteristic at 400V and 25 °C 109
D.1 Junction temperature characteristic at 6,000rpm . . . . . . . . . .. 111
D.2 Junction temperature characteristic at 10,000rpm . . . . . . . . .. 112



122



List of Tables

2.1

4.1
4.2

4.3

4.4

4.5

5.1

Al
A2

B.1
B.2

Analogies between thermal and electrical parameters . . . . . . .. 7

Fitting parameter of IGBT thermal impedance curves (Foster model) 36
Relative variation of switching losses at 300V, relating to 25°C

(Type 1) . . . o o 66
Relative variation of switching losses at 400V, relating to 25°C

(Type 1) . . . o 66
Relative variation of switching losses at 300V, relating to 25°C

(Type 2) . . . o 68
Relative variation of switching losses at 400V, relating to 25°C

(Type 2) . . . o 68
Simulated operating points of drives inverter . . . . . . . ... . .. 80
Thermal properties of packaging materials . . . . . .. ... .. .. 93
Mechanical properties of packaging materials . . . . . . . ... ... 93

Fitting parameter of diode thermal impedance curves (Foster model) 96
Fitting parameter of RC-IGBT thermal impedance curves (Foster
model) . . . Lo 97

123



124



Bibliography

1]

Heinrich, A. ‘Bitte wenden Sie jetzt — Das Auto der Zukunft von Eckard
Helmers’. In: Environmental Sciences Europe 21.6 (2009), pp. 575-579. ISSN:
2190-4715. por: 10.1007/s12302-009-0097-6. URL: http://dx.doi.org/1
0.1007/s12302-009-0097-6.

Group, W. A. World Vehicles in Operation by Vehicle Type. URL: web.archi
ve.org/web/20130608100749/http://www.automotiveonline.co.za/sit
e/files/6860/13_World VIO History.htm.

OICA. 2015 Production statistics. URL: http://www.oica.net/category/p
roduction-statistics/2015-statistics/.

Tretbhausgas-Emissionen in Deutschland 1990 bis 2014 nach Kategorien der
UNFCCC-Berichterstattung. URL: http://www.umweltbundesamt.de/theme
n/klima-energie/klimaschutz-energiepolitik-in-deutschland/treib
hausgas-emissionen/emissionsquellen.

Dudley, B. Statistical Review of World Energy. Tech. rep. BP, June 2016.

Reber, V. ‘e-power - Neue Moglichkeiten durch Laden mit 800V’. In: Porsche
Engineering Magazin 1 (2016), pp. 10-15.

Cengel, Y. Heat Transfer - A Practical Approach. McGraw-Hill, 2003.

Nance, P. and Mérz, M. ‘Thermal modelling of power electronic systems’. In:
PCIM FEur. Power Electron. Syst. Vol. 2. 2000, pp. 20-27.

ABB. Application Note 5SYA 2093-00 - Thermal Design and Temperature
Ratings of IGBT Modules.

Mises, R. V. ‘Mechanik der plastischen Formanderung von Kristallen’. In:
ZAMM - Journal of Applied Mathematics and Mechanics / Zeitschrift fir
Angewandte Mathematik und Mechanik 8.3 (1928), pp. 161-185. 1SSN: 1521-
4001. por: 10.1002/zamm. 19280080302. URL: http://dx.doi.org/10.100
2/zamm. 19280080302.

Van’t Hoff, J. H. Etudes de dynamique chimique. Vol. 1. Muller, 1884.

Arrhenius, S. ‘Uber die Reaktionsgeschwindigkeit bei der Inversion von
Rohrzucker durch Sauren’. In: Zeitschrift fir physikalische Chemie 4 (1889),
pp. 226-248.

Weglinski, R. Highly Accelerated Stress Screening for Air-cooled Switching
Power Supplies. TDI Power. Feb. 2007. URL: http://www.tdipower.com/PD
F/white_paper/hass.pdf.

Association, J. S. S. T. et al. ‘Failure mechanisms and models for semiconductor
devices'. In: JEDEC' Publication JEP122-B (2003).

125


http://dx.doi.org/10.1007/s12302-009-0097-6
http://dx.doi.org/10.1007/s12302-009-0097-6
http://dx.doi.org/10.1007/s12302-009-0097-6
web.archive.org/web/20130608100749/http://www.automotiveonline.co.za/site/files/6860/13_World_VIO_History.htm
web.archive.org/web/20130608100749/http://www.automotiveonline.co.za/site/files/6860/13_World_VIO_History.htm
web.archive.org/web/20130608100749/http://www.automotiveonline.co.za/site/files/6860/13_World_VIO_History.htm
http://www.oica.net/category/production-statistics/2015-statistics/
http://www.oica.net/category/production-statistics/2015-statistics/
http://www.umweltbundesamt.de/themen/klima-energie/klimaschutz-energiepolitik-in-deutschland/treibhausgas-emissionen/emissionsquellen
http://www.umweltbundesamt.de/themen/klima-energie/klimaschutz-energiepolitik-in-deutschland/treibhausgas-emissionen/emissionsquellen
http://www.umweltbundesamt.de/themen/klima-energie/klimaschutz-energiepolitik-in-deutschland/treibhausgas-emissionen/emissionsquellen
http://dx.doi.org/10.1002/zamm.19280080302
http://dx.doi.org/10.1002/zamm.19280080302
http://dx.doi.org/10.1002/zamm.19280080302
http://www.tdipower.com/PDF/white_paper/hass.pdf
http://www.tdipower.com/PDF/white_paper/hass.pdf

126

Bibliography

[15]

[18]

[19]

[20]

[21]

[22]

[20]

Coftin, L. ‘The problem of thermal stress fatigue in austenitic steels at elevated
temperatures’. In: Symposium on Effect of Cyclic Heating and Stressing on
Metals at Elevated Temperatures. ASTM International. 1954.

Manson, S. and Haferd, A. ‘A Linear Time-Temperature Relation for Extrap-
olation of Creep and Stress-Rupture Data’. In: National Advisory Commitee
for Aeronautics (1953).

Riithing, H. et al. ‘600 V Reverse Conducting (RC-)IGBT for Drives Appli-
cations in Ultra-Thin Wafer Technology’. In: Proceedings of the 19th Inter-
national Symposium on Power Semiconductor Devices and IC’s. May 2007,
pp. 89-92. DOI: 10.1109/ISPSD.2007 .4294939.

Griebl, E. et al. ‘Light MOS-IGBT with Integrated Diode for Lamp Ballast
Applications’. In: PCIM Niirnberg Proceedings. 2003, 791t

Rahimo, M. et al. ‘A High Current 3300V Module Employing Reverse Con-
ducting IGBTs Setting a New Benchmark in Output Power Capability’. In:
2008 20th International Symposium on Power Semiconductor Devices and
1C’s. May 2008, pp. 68-71. DOI: 10.1109/ISPSD. 2008 . 4538899.

Kopta, A. and Rahimo, M. ‘The field charge extraction (FCE) diode: a novel
technology for soft recovery high voltage diodes’. In: Proceedings. ISPSD 0.
The 17th International Symposium on Power Semiconductor Devices and ICs,
2005. May 2005, pp. 83-86. DOI: 10.1109/ISPSD.2005.1487956.

Takahashi, K. et al. ‘1200V Class Reverse Conducting IGBT Optimized for
Hard Switching Inverter’. In: PCIM Furope 201/, 20-22 May 2014, Nurembery,
Germany. 2014.

Bayerer, R. and Domes, D. ‘Power circuit design for clean switching’. In: Inte-
grated Power Electronics Systems (CIPS), 2010 6th International Conference
on. 2010, pp. 1-6.

Li, S. et al. ‘Reduction of stray inductance in power electronic modules
using basic switching cells’. In: 2010 IEEE Energy Conversion Congress and
FExposition. Sept. 2010, pp. 2686-2691. DOI: 10.1109/ECCE.2010.5618040.

Miihlfeld, O. et al. ‘Design Strategies for Stray Inductance optimized Wire-
Bond Power Modules’. In: International Exhibition and Conference for Power
Electronics, Intelligent Motion, Power Quality, PCIM 2010. 2010.

Miihlfeld, O. and Fuchs, F. W. ‘Comprehensive optimization method for
thermal properties and parasitics in power modules’. In: 2010 IEEE FEnergy
Conversion Congress and Fxposition. Sept. 2010, pp. 2266-2271. por: 10.110
9/ECCE.2010.5617848.

Xing, K. et al. ‘Extraction of parasitics within wire-bond IGBT modules’.
In: Applied Power Electronics Conference and FExposition, 1998. APEC ’98.
Conference Proceedings 1998., Thirteenth Annual. Vol. 1. Feb. 1998, 497-503
vol.1. DOI: 10.1109/APEC.1998.647735.


http://dx.doi.org/10.1109/ISPSD.2007.4294939
http://dx.doi.org/10.1109/ISPSD.2008.4538899
http://dx.doi.org/10.1109/ISPSD.2005.1487956
http://dx.doi.org/10.1109/ECCE.2010.5618040
http://dx.doi.org/10.1109/ECCE.2010.5617848
http://dx.doi.org/10.1109/ECCE.2010.5617848
http://dx.doi.org/10.1109/APEC.1998.647735

Bibliography 127

[27]

28]

[29]

[30]

[31]

[32]

33]

[34]

[35]

Stockmeier, T. ‘1200A, 3300V IGBT Power Module Exhibiting Very Low
Internal Stray Inductance’. In: PCIM, Hong Kong. 1997.

Bayerer, R. ‘Modultechnik fiir hohe Frequenzen in der Leistungselektronik’.
In: VDE-Fachtagung - Bauelemente der Leistungselektronik und ihre Anwen-
dungen, Bad Nauheim. 1992.

Bayerer, R. ‘Advanced Module Construction for High Speed High Current
IGBT Modules’. In: PCIM, Munich. 1990.

Liang, 7. et al. ‘Reducing Parasitic Electrical Parameters with a Planar
Interconnection Packaging Structure’. In: 2012 7th International Conference
on Integrated Power Electronics Systems (CIPS). Mar. 2012, pp. 1-6.

Ozmat, B. et al. ‘An advanced packaging technology for high performance
power devices’. In: Energy Conversion Engineering Conference, 1997. IECEC-
97., Proceedings of the 32nd Intersociety. Vol. 1. July 1997, 687-693 vol.1.
DOI: 10.1109/IECEC.1997.659273.

Fillion, R. et al. ‘A high performance polymer thin film power electronics
packaging technology’. In: SPIE proceedings series. Society of Photo-Optical
Instrumentation Engineers. 2002, pp. 408-414.

Haque, S. et al. ‘An innovative technique for packaging power electronic
building blocks using metal posts interconnected parallel plate structures’. In:
IEEFE Transactions on Advanced Packaging 22.2 (May 1999), pp. 136-144.
ISSN: 1521-3323. DOI: 10.1109/6040.763184.

Liang, Z. and Lee, F. C. ‘Embedded power technology for IPEMs packaging
applications’. In: Applied Power FElectronics Conference and FEzxposition, 2001.
APEC 2001. Sizteenth Annual IEEE. Vol. 2. 2001, 1057-1061 vol.2. DOI:
10.1109/APEC.2001.912497.

Liu, X. et al. ‘Packaging of integrated power electronics modules using flip-
chip technology’. In: Applied Power Electronics Conference and Exposition,
2000. APEC 2000. Fifteenth Annual IEEE. Vol. 1. 2000, 290-296 vol.1. DOTI:
10.1109/APEC.2000.826118.

Wen, S. S. et al. ‘Design and thermo-mechanical analysis of a Dimple-Array
Interconnect technique for power semiconductor devices’. In: Electronic Com-
ponents and Technology Conference, 2001. Proceedings., 51st. 2001, pp. 378—
383. DOI: 10.1109/ECTC.2001.927752.

Hoene, E. et al. ‘Ultra-Low-Inductance Power Module for Fast Switching
Semiconductors’. In: Proceedings of the Conference for Power Electronics,
Intelligent Motion, Power Quality (PCIM). 2013.

Neeb, C. et al. ‘A 50 kW IGBT Power Module for Automotive Applications
with Extremely Low DC-Link Inductance’. In: EPE’14 ECCE Europe. 2014.


http://dx.doi.org/10.1109/IECEC.1997.659273
http://dx.doi.org/10.1109/6040.763184
http://dx.doi.org/10.1109/APEC.2001.912497
http://dx.doi.org/10.1109/APEC.2000.826118
http://dx.doi.org/10.1109/ECTC.2001.927752

Bibliography

[40]

41
42
43
44

[45]

[48]

[49]

[50]

[51]

Beattie, M. W. and Pileggi, L. T. ‘Inductance 101: Modeling and Extraction’.
In: Proceedings of the 38th Annual Design Automation Conference. DAC 01.
Las Vegas, Nevada, USA: ACM, 2001, pp. 323-328. 1SBN: 1-58113-297-2. DOLI:
10.1145/378239.378500. URL: http://doi.acm.org/10.1145/378239.37
8500.

Gutsmann, B. ‘Charakterisierung und Einflufl parasitarer elektromagnetischer
Effekte in leistungselektronischen Systemen’. PhD thesis. Universitat Bremen
[ALB, 2007.

Wintrich, A. et al. Applikationshandbuch Leistungshalbleiter. SEMIKRON
International GmbH, 2010.

Lutz, J. et al. Semiconductor Power Devices - Physics, Characteristics, Relia-
bility. New York: Springer, 2011.

Volke, A. and Hornkamp, M. IGBT Modules - Technologies, Driver and
Application. Infineon Technologies AG, Munich, 2012.

Ramminger, S. et al. ‘Reliability model for Al wire bonds subjected to heel
crack failures’. In: Microelectronics Reliability 40.8 (2000), pp. 1521-1525.

Schulz, M. ‘Thermal management details and their influence on the aging
of power semiconductors’. In: Power Electronics and Applications (EPE’1/-
ECCE Europe), 2014 16th European Conference on. Aug. 2014, pp. 1-6. DOL:
10.1109/EPE.2014.6910898.

Scheuermann, U. ‘Reliability of Planar SKiN Interconnect Technology’. In: In-
tegrated Power Electronics Systems (CIPS), 2012 7th International Conference
on. 2012, pp. 1-8.

Glascock H., I. and Webster, H. ‘Structured Copper: A Pliable High Con-
ductance Material for Bonding to Silicon Power Devices’. In: Components,
Hybrids, and Manufacturing Technology, IEEE Transactions on 6.4 (1983),
pp. 460-466. 1SSN: 0148-6411. por: 10.1109/TCHMT. 1983.1136213.

Linder, S. ‘Leistungshalbleiter - im Zentrum einer stillen Revolution’. In: ABB
Technik 4 (2003), pp. 27-31.

Gunturi, S. et al. ‘Innovative metal system for IGBT press pack modules’.
In: Power Semiconductor Devices and ICs, 2003. Proceedings. ISPSD ’03.
2003 IEEE 15th International Symposium on. Apr. 2003, pp. 110-113. DOI:
10.1109/1ISPSD.2003.1225242.

Eicher, S. et al. ‘4.5kV press pack IGBT designed for ruggedness and reliabil-
ity’. In: Industry Applications Conference, 200/. 39th IAS Annual Meeting.
Conference Record of the 2004 IEFEE. Vol. 3. Oct. 2004, 1534-1539 vol.3. DOI:
10.1109/IAS.2004.1348674.

Miising, A. et al. ‘Optimization of the current distribution in press-pack
high power IGBT modules’. In: Power Electronics Conference (IPEC), 2010
International. June 2010, pp. 1139-1146. pDo1: 10.1109/IPEC.2010.5543573.


http://dx.doi.org/10.1145/378239.378500
http://doi.acm.org/10.1145/378239.378500
http://doi.acm.org/10.1145/378239.378500
http://dx.doi.org/10.1109/EPE.2014.6910898
http://dx.doi.org/10.1109/TCHMT.1983.1136213
http://dx.doi.org/10.1109/ISPSD.2003.1225242
http://dx.doi.org/10.1109/IAS.2004.1348674
http://dx.doi.org/10.1109/IPEC.2010.5543573

Bibliography 129

[52]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

Uchida, Y. et al. ‘Development of high power press-pack IGBT and its
applications’. In: Microelectronics, 2000. Proceedings. 2000 22nd International
Conference on. Vol. 1. 2000, 125-129 vol.1. po1: 10.1109/ICMEL.2000.8405
38.

Burgess, J. F. et al. ‘The Direct Bonding of Metals to Ceramics and Application
in Electronics’. In: ElectroComponent Science and Technology 2.4 (1976),
pp. 233-240. DOI: 10.1165/APEC.2.233. URL: http://dx.doi.org/10.115
5/APEC.2.233.

Burgess, J. F. et al. “The Direct Bonding of Metals to Ceramics by the Gas-
Metal Eutectic Method’. In: Journal of The Electrochemical Society 122.5
(1975), pp. 688-690. DOI: 10.1149/1.2134293. URL: http://jes.ecsdl.or
g/content/122/5/688.abstract.

Vladik, L. ‘Heat-Extracting Housing for Semiconductor’. US3783347. 1974.

Scheuermann, U. Power Modules. ECPE Tutorial "Power Electronics Packag-
ing". Feb. 2010.

Materion. Ceramics Thermal Management Solutions. URL: http://materi
on.com/~/media/Files/PDFs/Ceramics/DataSheets/CC-001BeOCeramics
ThermalManagementSolutions.pdf.

Schulz-Harder, J. ‘Advanced DBC (direct bonded copper) substrates for
high power and high voltage electronics’. In: Twenty-Second Annual IEEE
Semiconductor Thermal Measurement And Management Symposium. Mar.
2006, pp. 230-231. por: 10.1109/STHERM. 2006 .1625233.

Schulz-Harder, J. and Exel, K. ‘Recent developments of direct bonded copper
(DBC) substrates for power modules’. In: Electronic Packaging Technology
Proceedings, 2003. ICEPT 2003. Fifth International Conference on. Oct. 2003,
pp. 491-496. DOT: 10.1109/EPTC. 2003 . 1298787.

Klaka, S. ‘Eine Niedertemperatur-Verbindungstechnik zum Aufbau von Leis-
tungshalbleitermodulen’. PhD thesis. TU Braunschweig, 1997.

Scheuermann, U. and Wiedl, P. ‘Low Temperature Joining Technology —
a High Reliability Alternative to Solder Contacts’. In: Workshop on Metal
Ceramic Composites for Functional Applications. Wien, 1997, pp. 181-192.

Scheuermann, U. ‘Power Module Design without Solder Interfaces - an Ideal
Solution for Hybrid Vehicle Traction Applications’. In: Applied Power Elec-
tronics Conference and Fxposition, 2009. APEC 2009. Twenty-Fourth Annual
[EEE. 2009, pp. 472-478. DOT: 10.1109/APEC.2009.4802700.

Beckedahl, P. ‘Power Electronics Packaging Revolution Without Bond Wires,
Solder and Thermal Paste’. In: Power Electronics Furope 5 (July 2011),
pp- 23-27.

Ueda, T. Kompaktes und robustes T-PM-Leistungshalbleitermodul. Mitsubishi.
URL: http://www.all-electronics.de/texte/anzeigen/45871/Kompakt
es—und-robustes-T-PM-Leistungshalbleitermodul.


http://dx.doi.org/10.1109/ICMEL.2000.840538
http://dx.doi.org/10.1109/ICMEL.2000.840538
http://dx.doi.org/10.1155/APEC.2.233
http://dx.doi.org/10.1155/APEC.2.233
http://dx.doi.org/10.1155/APEC.2.233
http://dx.doi.org/10.1149/1.2134293
http://jes.ecsdl.org/content/122/5/688.abstract
http://jes.ecsdl.org/content/122/5/688.abstract
http://materion.com/~/media/Files/PDFs/Ceramics/DataSheets/CC-001BeOCeramicsThermalManagementSolutions.pdf
http://materion.com/~/media/Files/PDFs/Ceramics/DataSheets/CC-001BeOCeramicsThermalManagementSolutions.pdf
http://materion.com/~/media/Files/PDFs/Ceramics/DataSheets/CC-001BeOCeramicsThermalManagementSolutions.pdf
http://dx.doi.org/10.1109/STHERM.2006.1625233
http://dx.doi.org/10.1109/EPTC.2003.1298787
http://dx.doi.org/10.1109/APEC.2009.4802700
http://www.all-electronics.de/texte/anzeigen/45871/Kompaktes-und-robustes-T-PM-Leistungshalbleitermodul
http://www.all-electronics.de/texte/anzeigen/45871/Kompaktes-und-robustes-T-PM-Leistungshalbleitermodul

Bibliography

[68]
[69]

[70]

[71]

[72]

[74]

Cao, X. et al. ‘Planar Power Module With Low Thermal Impedance and Low
Thermomechanical Stress’. In: IEEE Transactions on Components, Packaging
and Manufacturing Technology 2.8 (Aug. 2012), pp. 1247-1259. 1SSN: 2156-
3950. por: 10.1109/TCPMT.2012.2196799.

Dieckerhoff, S. et al. ‘Performance Comparison of Advanced Power Electronic
Packages for Automotive Applications’. In: Automotive Power Electronics,
2006. June 2006.

Luechinger, C. ‘Ribbon Bonding - A Scalable Interconnect for Power QFN
Packages’. In: Electronics Packaging Technology Conference, 2007. EPTC
2007. 9th. Dec. 2007, pp. 47-54. DOL: 10.1109/EPTC. 2007 . 4469804.

Shigekane, H. ‘Advancing Power Semiconductor Devices aiming at Sustainable
Society’. In: TIA Summer School for Power Electronics. 2013, pp. 305-334.

Aranzabal, 1. et al. ‘Status and advances in Electric Vehicle’s power modules
packaging technologies’. In: PCIM Europe 2016 (2016).

Held, M. et al. ‘Fast power cycling test of IGBT modules in traction ap-
plication’. In: Power FElectronics and Drive Systems, 1997. Proceedings.,
1997 International Conference on. Vol. 1. May 1997, 425-430 vol.1. DOI:
10.1109/PEDS.1997.618742.

Bayerer, R. et al. ‘Model for Power Cycling lifetime of IGBT Modules - various
factors influencing lifetime’. In: Integrated Power Systems (CIPS), 2008 5th
International Conference on. Mar. 2008, pp. 1-6.

Schmidt, R. and Scheuermann, U. ‘Separating Failure Modes in Power Cycling
Tests’. In: Integrated Power Electronics Systems (CIPS), 2012 7th Interna-
tional Conference on. Mar. 2012, pp. 1-6.

Heuck, N. et al. ‘Lifetime analysis of power modules with new packaging
technologies’. In: 2015 IEEE 27th International Symposium on Power Semi-
conductor Devices IC’s (ISPSD). May 2015, pp. 321-324. pDoI1: 10.1109/ISPSD.
2015.7123454.

Gdula, M. et al. ‘A 36-chip multiprocessor multichip module made with the
General Electric high density interconnect technology’. In: FElectronic Compo-
nents and Technology Conference, 1991. Proceedings., 41st. 1991, pp. 727-730.
DOI: 10.1109/ECTC.1991.163960.

Neeb, C. et al. ‘Innovative and Reliable Power Modules: A Future Trend and
Evolution of Technologies’. In: Industrial Electronics Magazine, IEEE 8.3
(Sept.2014),pp.6—16.ISSN:1932—4529.DCH:10.1109/MIE.2014.2304313.

Boettcher, L. et al. ‘Embedding of Chips for System in Package Realization -
Technology and Applications’. In: Microsystems, Packaging, Assembly Circuits
Technology Conference, 2008. IMPACT 2008. 3rd International. 2008, pp. 383~
386. DOI: 10.1109/IMPACT.2008.4783892.


http://dx.doi.org/10.1109/TCPMT.2012.2196799
http://dx.doi.org/10.1109/EPTC.2007.4469804
http://dx.doi.org/10.1109/PEDS.1997.618742
http://dx.doi.org/10.1109/ISPSD.2015.7123454
http://dx.doi.org/10.1109/ISPSD.2015.7123454
http://dx.doi.org/10.1109/ECTC.1991.163960
http://dx.doi.org/10.1109/MIE.2014.2304313
http://dx.doi.org/10.1109/IMPACT.2008.4783892

Bibliography 131

[77]

[89]

[90]

Boettcher, L. et al. ‘Development of Embedded High Power Electronics
Modules for Automotive Applications’. In: Additional Conferences (Device
Packaging, HiITEC, HiTEN, & CICMT) 2013.DPC (2013), pp. 001717-001743.
DOI: 10.4071/2013DPC-wp35. URL: http://dx.doi.org/10.4071/201
3DPC-wp35.

Stahr, H. and Beesley, M. ‘Embedded Components on the way to Industrial-
ization’. In: SMTA International Conference. 2011.

Infineon. URL: http://www . infineon . com/dgdl / Infineon+ - +Press+
Release+-+PowerMOSFETs+-+0ptiMOS+-+Blade+-+DrBlade+English.pdf?
folderId=db3a30433d68e984013d7ccca42258dc&fileId=db3a30433d68e9
84013d7elccdleb117.

TDK. URL: http://www.i-micronews . com/reports/TDK-EPC-P800
9-Module-Maxim-Embedded-Dies/8/375/.

EUproject. URL: http://www.hermes-ect.net.

Ostmann, A. et al. ‘Embedded power electronics for automotive applications’.
In: Microsystems, Packaging, Assembly and Clircuits Technology Conference
(IMPACT), 2012 7th International. Oct. 2012, pp. 163-166. pDO1: 10. 110
9/IMPACT.2012.6420235.

HI-LEVEL. URL: www.projekt-HiLevel.de.

Beckedahl, P. et al. ‘Packaging considerations of an Integrated Inverter Module
(IIM) for Hybrid Vehicles’. In: PCIM Nuremberg. 2005.

Landgraf, J. e. a. Forschungsprojekt e Performance - Modularer Systembaukas-
ten fir elektrifizierte Fahrzeuge. Ed. by Landgraf, J. et al. Cuvillier Verlag,
Gottingen, 2013.

Zhang, L. et al. ‘Pressure Contact Packaging for Hybrid Electric Vehicle
Drive’. In: 2007 IEEE Power Electronics Specialists Conference. June 2007,
pp. 2228-2233. DOI: 10.1109/PESC.2007.4342355.

Bremm, M. ‘Inbetriebnahme und Charakterisierung eines Antriebsumrichters
in einem IGBT-Druckkontaktgehéduse’. Diplomarbeit. ISEA, RWTH Aachen,
2012.

Ruehli, A. E. ‘Equivalent Circuit Models for Three-Dimensional Multiconduc-
tor Systems’. In: IEEE Transactions on Microwave Theory and Techniques
22.3 (Mar. 1974), pp. 216-221. 1SsN: 0018-9480. DOI: 10.1109/TMTT.1974. 11
28204.

Teichrib, J. ‘Characterization and Evaluation of Novel Power Modules with
Embedded IGBT Chips for the Application of DC-to-DC Converters in the
Drivetrain of Electric Vehicles’. Master Thesis. ISEA; RWTH Aachen, 2014.

Heer, D. and Bayoumi, A. K. ‘Switching characteristics of modern 6.5kV
IGBT/Diode’. In: PCIM Europe 2014; International Exhibition and Confer-
ence for Power Electronics, Intelligent Motion, Renewable Energy and Energy
Management. May 2014, pp. 1-8.


http://dx.doi.org/10.4071/2013DPC-wp35
http://dx.doi.org/10.4071/2013DPC-wp35
http://dx.doi.org/10.4071/2013DPC-wp35
http://www.infineon.com/dgdl/Infineon+-+Press+Release+-+PowerMOSFETs+-+OptiMOS+-+Blade+-+DrBlade+English.pdf?folderId=db3a30433d68e984013d7ccca42258dc&fileId=db3a30433d68e984013d7e1ccd1e6117
http://www.infineon.com/dgdl/Infineon+-+Press+Release+-+PowerMOSFETs+-+OptiMOS+-+Blade+-+DrBlade+English.pdf?folderId=db3a30433d68e984013d7ccca42258dc&fileId=db3a30433d68e984013d7e1ccd1e6117
http://www.infineon.com/dgdl/Infineon+-+Press+Release+-+PowerMOSFETs+-+OptiMOS+-+Blade+-+DrBlade+English.pdf?folderId=db3a30433d68e984013d7ccca42258dc&fileId=db3a30433d68e984013d7e1ccd1e6117
http://www.infineon.com/dgdl/Infineon+-+Press+Release+-+PowerMOSFETs+-+OptiMOS+-+Blade+-+DrBlade+English.pdf?folderId=db3a30433d68e984013d7ccca42258dc&fileId=db3a30433d68e984013d7e1ccd1e6117
http://www.i-micronews.com/reports/TDK-EPC-P8009-Module-Maxim-Embedded-Dies/8/375/
http://www.i-micronews.com/reports/TDK-EPC-P8009-Module-Maxim-Embedded-Dies/8/375/
http://www.hermes-ect.net
http://dx.doi.org/10.1109/IMPACT.2012.6420235
http://dx.doi.org/10.1109/IMPACT.2012.6420235
www.projekt-HiLevel.de
http://dx.doi.org/10.1109/PESC.2007.4342355
http://dx.doi.org/10.1109/TMTT.1974.1128204
http://dx.doi.org/10.1109/TMTT.1974.1128204

132

Bibliography

[91]

[94]

[95]

[96]

[97]

Wei3, B. ‘Entwicklung eines Priifstandes zur Messung leistungsgebundener
Emissionen von DC/DC-Wandlern fiir Elektrofahrzeuge’. Diplomarbeit. ISEA,
RWTH Aachen, 2012.

CISPR25 - Fahrzeuge, Boote und von Verbrennungsmotoren angetriebene
Gerdte - Funkstoreigenschaften - Grenzwerte und Messverfahren fir den
Schutz von an Bord befindlichen Empfdingern. VDE, 2009.

Fritz, J. N. et al. ‘A PCB Integrated Differential Rogowski Coil for Non-
Intrusive Current Measurement Featuring High Bandwidth and dv/dt Immu-
nity’. In: Power and Energy Student Summit (PESS) 2015. Jan. 2015.

Chattock, A. P. ‘On a Magnetic Potentiometer’. In: Proceedings of the Physical
Society of London 9.1 (1887), p. 23. DOI: 10.1088/1478-7814/9/1/305.

Rogowski, W. and Steinhaus, W. ‘Die Messung der magnetischen Spannung’.
In: Archiv fiir Elektrotechnik 1.4 (1912), pp. 141-150. 1SSN: 1432-0487. DOI:
10.1007/BF01656479.

Maxwell, J. C. ‘A Dynamical Theory of the Electromagnetic Field’. In: Philo-
sophical Transactions of the Royal Society of London 155 (1865), pp. 459-512.
1SSN: 02610523. URL: http://www. jstor.org/stable/108892.

Gottwald, T. Quverview: Thermal Management of Embedded Power Boards.
ECPE Workshop ’Advances in Thermal Materials and Systems for Electronics’.


http://dx.doi.org/10.1088/1478-7814/9/1/305
http://dx.doi.org/10.1007/BF01656479
http://www.jstor.org/stable/108892

CURRICULUM VITAE

CHRISTOPH NEEB

PERSONAL INFORMATION

Date of birth
Place of birth
Nationality
Parents
Martial status

EDUCATION
10/2004-09/2009

08,/1994-06,/2003

April 2774, 1984

Haan, Germany

German

Hiltrud Neeb and Reinhard Neeb
married

Studies in Electrical Engineering and Information Technology
at RWTH Aachen University

Stadtisches Gymnasium Haan

WORK EXPERIENCE

since 04/2016
11/2014-03/2016

01/2010-10/2014

10/2009-12/2009
10/2009-12/2009

10/2008-03/2009

Electrical Engineer at Woodward Kempen GmbH, Kempen,
Germany

Hardware Design Engineer at Driven Solution GmbH, Cologne,
Germany

Research Associate at the Institute for Power Electronics and
Electrical Drives (ISEA) of RWTH Aachen University under
the supervision of Professor Rik W. De Doncker in the Research
Group Power Electronics

Research Assistant at the Institute for Power Electronics and
Electrical Drives (ISEA) of RWTH Aachen University

Development Engineer at barthel HF-Technik GmbH, Aachen,
Germany

Internship at Philips Technologie GmbH Forschungslaborato-
rien, Aachen, Germany



Aachener Beitrage des ISEA

ABISEA Band 1

ERer, A.

BerlUhrungslose, kombinierte
Energie- und Informations-
Ubertragung fur bewegliche
Systeme

1. Auflage 1992, 130 Seiten
ISBN 3-86073-046-0

ABISEA Band 2

Vogel, U.

Entwurf und Beurteilung von
Verfahren zur Hochausnutzung
des Rad-Schiene-
Kraftschlusses durch
Triebfahrzeuge

1. Auflage 1992, 130 Seiten
ISBN 3-86073-060-6

ABISEA Band 3
Redehorn, Th.
Stromeinpragendes
Antriebssystem mit
fremderregter Synchron-
maschine

1. Auflage 1992, 130 Seiten
ISBN 3-86073-061-4

ABISEA Band 4

Ackva, A.
Spannungseinpragendes
Antriebssystem mit
Synchron-maschine und
direkter Stromregelung

1. Auflage 1992, 135 Seiten
ISBN 3-86073-062-2

ABISEA Band 5

Mertens, A.

Analyse des
Oberschwingungsverhaltens
von taktsynchronen Delta -
Modulationsverfahren zur
Steuerung von
Pulsstromrichtern bei hoher
Taktzahl

1. Auflage 1992, 170 Seiten
ISBN 3-86073-069-X

ABISEA Band 6

Geuer, W.

Untersuchungen Uber das
Alterungsverhalten von
Bleiakkumulatoren

1. Auflage 1993, 100 Seiten
ISBN 3-86073-097-5

ABISEA Band 7
Langheim, J.
Einzelradantrieb fir
ElektrostralRenfahrzeuge

1. Auflage 1993, 215 Seiten
ISBN 3-86073-123-8
(vergriffen)

ABISEA Band 8

Fetz, J.

Fehlertolerante Regelung eines
Asynchron-Doppelantriebes fur
ein Elektrospeicherfahrzeug

1. Auflage 1993, 136 Seiten
ISBN 3-86073-124-6
(vergriffen)

ABISEA Band 9

Schilting, L.

Optimierte Auslegung
induktiver Bauelemente fiir den
Mittelfrequenzbereich

1. Auflage 1993, 136 Seiten
ISBN 3-86073-174-2
(vergriffen)

ABISEA Band 10
Skudelny, H.-Ch.
Stromrichtertechnik

4. Auflage 1997, 259 Seiten
ISBN 3-86073-189-0

ABISEA Band 11
Skudelny, Ch.

Elektrische Antriebe

3. Auflage 1997, 124 Seiten
ISBN 3-86073-231-5

ABISEA Band 12

Schope, F.
Batterie-Management flr
Nickel-Cadmium
Akkumulatoren

1. Auflage 1994, 156 Seiten
ISBN 3-86073-232-3
(vergriffen)

ABISEA Band 13

v.d. Weem, J.
Schmalbandige aktive Filter fur
Schienentriebfahrzeuge am
Gleichspannungs-fahrdraht

1. Auflage 1995, 125 Seiten
ISBN 3-86073-233-1

ABISEA Band 14
Backhaus, K.
Spannungseinpragendes
Direktantriebssystem mit
schnelllaufender geschalteter
Reluktanzmaschine

1. Auflage 1995, 156 Seiten
ISBN 3-86073-234-X
(vergriffen)

ABISEA Band 15

Reinold, H.

Optimierung dreiphasiger
Pulsdauermodulations-
verfahren

1. Auflage 1996, 116 Seiten
ISBN 3-86073-235-8

ABISEA Band 16

Képken, H.-G.
Regelverfahren fir
Parallelschwingkreis-
umrichter

1. Auflage 1996, 125 Seiten
ISBN 3-86073-236-6

ABISEA Band 17
Mauracher, P.
Modellbildung und
Verbundoptimierung bei
ElektrostralRenfahrzeugen
1. Auflage 1996, 192 Seiten
ISBN 3-86073-237-4

ABISEA Band 18

Protiwa, F.-F.

Vergleich dreiphasiger
Resonanz-Wechselrichter in
Simulation und Messung

1. Auflage 1997, 178 Seiten
ISBN 3-86073-238-2

ABISEA Band 19
Brockmeyer, A.
Dimensionierungswerkzeug fur
magnetische Bau-

elemente in Stromrichter-
anwendungen

1. Auflage 1997, 182 Seiten
ISBN 3-86073-239-0

ABISEA Band 20
Apeldoorn, 0.
Simulationsgestutzte Bewer-
tung von Steuerverfahren fur
netzgefiihrte Stromrichter mit
verringerter Netzriick-wirkung
1. Auflage 1997, 132 Seiten
ISBN 3-86073-680-9



Aachener Beitrage des ISEA

ABISEA Band 21

Lohner, A.
Batteriemanagement flr
verschlossene Blei-Batterien
am Beispiel von Unter-
brechungsfreien
Stromversorgungen

1. Auflage 1998, 144 Seiten
ISBN 3-86073-681-7

ABISEA Band 22

Reinert, J.

Optimierung der Betriebs-
eigenschaften von Antrieben
mit geschalteter Reluktanz-
maschine

1. Auflage 1998, 168 Seiten
ISBN 3-86073-682-5

ABISEA Band 23

Nagel, A.
Leitungsgebundene
Stérungen in der
Leistungselektronik:
Entstehung, Ausbreitung
und Filterung

1. Auflage 1999, 160 Seiten
ISBN 3-86073-683-3

ABISEA Band 24

Menne, M.
Drehschwingungen im An-
triebsstrang von Elektro-
stralRenfahrzeugen -
Analyse und aktive
Dampfung

1. Auflage 2001, 192 Seiten
ISBN 3-86073-684-1

ABISEA Band 25

von Bloh, J.
Multilevel-Umrichter zum
Einsatz in Mittelspannungs-
Gleichspannungs-
Ubertragungen

1. Auflage 2001, 152 Seiten
ISBN 3-86073-685-X

ABISEA Band 26

Karden, E.

Using low-frequency
impedance spectroscopy for
characterization, monitoring,
and modeling of industrial
batteries

1. Auflage 2002, 154 Seiten
ISBN 3-8265-9766-4

ABISEA Band 27
Karipidis, C.-U.

A Versatile DSP/ FPGA
Structure optimized for
Rapid Prototyping and
Digital Real-Time Simulation
of Power Electronic and
Electrical Drive Systems

1. Auflage 2001, 164 Seiten
ISBN 3-8265-9738-9

ABISEA Band 28

Kahlen, K.
Regelungsstrategien fiir per-
manentmagnetische Direkt-
antriebe mit mehreren
Freiheitsgraden

1. Auflage 2003, 158 Seiten
ISBN 3-8322-1222-1

ABISEA Band 29

Inderka, R.

Direkte Drehmoment-
regelung Geschalteter
Reluktanzantriebe

1. Auflage 2003, 190 Seiten
ISBN 3-8322-1175-6

ABISEA Band 30
Schroder, S.
Circuit-Simulation Models of
High-Power Devices Based
on Semiconductor Physics
1. Auflage 2003, 124 Seiten
ISBN 3-8322-1250-7

ABISEA Band 31

Buller, S.
Impedance-Based Simu-
lation Models for Energy
Storage Devices in
Advanced Automotive
Power Systems

1. Auflage 2003, 136 Seiten
ISBN 3-8322-1225-6

ABISEA Band 32
Schonknecht, A.
Topologien und Regelungs-
strategien fir das induktive
Erwéarmen mit hohen
Frequenz-Leistungs-
produkten

1. Auflage 2004, 1 70 Seiten
ISBN 3-8322-2408-4

ABISEA Band 33

Tolle, T.
Konvertertopologien fir ein
aufwandsarmes, zwei-
stufiges Schaltnetzteil zum
Laden von Batterien aus
dem Netz

1. Auflage 2004, 150 Seiten
ISBN 3-8322-2676-1

ABISEA Band 34

Gotting, G.

Dynamische Antriebs-
regelung von Elektro-
stralRenfahrzeugen unter
Beriicksichtigung eines
schwingungsfahigen
Antriebsstrangs

1. Auflage 2004, 166 Seiten
ISBN 3-8322-2804-7

ABISEA Band 35
Dieckerhoff, S.
Transformatorlose Strom-
richterschaltungen fir Bahn-
fahrzeuge am 16 2/3Hz Netz
1. Auflage 2004, 158 Seiten
ISBN 3-8322-3094-7

ABISEA Band 36

Hu, J.

Bewertung von DC-DC-
Topologien und Optimierung
eines DC-DC-Leistungs-
moduls fiir das 42-V-Kfz-
Bordnetz

1. Auflage 2004, 156 Seiten
ISBN 3-8322-3201-X

ABISEA Band 37

Detjen, D.-0.
Characterization and
Modeling of Si-Si Bonded
Hydrophobie Interfaces for
Novel High-Power BIMOS
Devices

1. Auflage 2004, 146 Seiten
ISBN 3-8322-2963-9

ABISEA Band 38

Walter, J.
Simulationsbasierte Zuver-
lassigkeitsanalyse in der
modernen Leistungs-
elektronik

1. Auflage 2004, 134 Seiten
ISBN 3-8322-3481-0



Aachener Beitrage des ISEA

ABISEA Band 39
Schwarzer, U.

IGBT versus GCT in der
Mittelspannungsanwendung
- ein experimenteller und
simulativer Vergleich

1. Auflage 2005, 184 Seiten
ISBN 3-8322-4489-1

ABISEA Band 40

Bartram, M.
IGBT-Umrichtersysteme fur
Windkraftanlagen: Analyse
der Zyklenbelastung, Mo-
dellbildung, Optimierung und
Lebensdauervorhersage

1. Auflage 2006, 195 Seiten
ISBN 3-8322-5039-5

ABISEA Band 41
Ponnaluri, S.

Generalized Design,
Analysis and Control of
Grid side converters with
integrated UPS or Islanding
functionality

1. Auflage 2006, 163 Seiten
ISBN 3-8322-5281-9

ABISEA Band 42
Jacobs, J.

Multi-Phase Series
Resonant DC-to-DC
Converters

1. Auflage 2006, 185 Seiten
ISBN 3-8322-5532-X

ABISEA Band 43

Linzen, D.
Impedance-Based Loss
Calculation and Thermal
Modeling of Electrochemical
Energy Storage Devices for
Design Considerations of
Automotive Power Systems
1. Auflage 2006, 150 Seiten
ISBN 3-8322-5706-3

ABISEA Band 44

Fiedler, J.

Design of Low-Noise
Switched Reluctance Drives
1. Auflage 2007, 183 Seiten
ISBN 978-3-8322-5864-|

ABISEA Band 45
Fuengwarodsakul, N.
Predictive PWM-based
Direct Instantaneous Torque
Control for Switched
Reluctance Machines

1. Auflage 2007, 150 Seiten
ISBN 978-3-8322-6210-5

ABISEA Band 46

Meyer, C.

Key Components for Future
Offshore DC Grids

1. Auflage 2007, 196 Seiten
ISBN 978-3-8322-6571-7

ABISEA Band 47

Fujii, K.

Characterization and
Optimization of Soft-
Switched Multi-Level
Converters for STATCOMs
1. Auflage 2008, 206 Seiten
ISBN 978-3-8322-6981-4

ABISEA Band 48
Carstensen, C.

Eddy Currents in Windings
of Switched Reluctance
Machines

1. Auflage 2008, 190 Seiten
ISBN 978-3-8322-7118-3

ABISEA Band 49

Bohlen, 0.
Impedance-based battery
monitoring

1. Auflage 2008, 200 Seiten
ISBN 978-3-8322-7606-5

ABISEA Band 50

Thele, M.

A contribution to the
modelling of the charge
acceptance of lead-acid
batteries - using frequency
and time domain based
concepts

1. Auflage 2008, 168 Seiten
ISBN 978-3-8322-7659-1

ABISEA Band 51

Koénig, A.

High Temperature DC-to-DC
Converters for Downhole
Applications

1. Auflage 2009, 160 Seiten
ISBN 978-3-8322-8489-3

ABISEA Band 52

Dick, C. P.

Multi-Resonant Converters
as Photovoltaic Module-
Integrated Maximum Power
Point Tracker

1. Auflage 2010, 192 Seiten
ISBN 978-3-8322-9199-0

ABISEA Band 53

Kowal, J.
Spatially-resolved
impedance of nonlinear
inhomogeneous devices -
using the example of lead-
acid batteries -

1. Auflage 2010, 214 Seiten
ISBN 978-3-8322-9483-0

ABISEA Band 54
Roscher, M.
Zustandserkennung von
LiFeP04-Batterien fur
Hybrid- und
Elektrofahrzeuge

1. Auflage 2011, 194 Seiten
ISBN 978-3-8322-9738-I

ABISEA Band 55
Hirschmann, D.

Highly Dynamic
Piezoelectric Positioning

1. Auflage 2011, 156 Seiten
ISBN 978-3-8322-9746-6

ABISEA Band 56

Rigbers, K.

Highly Efficient Inverter
Architectures for Three-
Phase Grid Connection

of Photovoltaic Generators
1. Auflage 2011, 254 Seiten
ISBN 978-3-8322-9816-9

ABISEA Band 57

Kasper, K.

Analysis and Control of the
Acoustic Behavior of
Switched Reluctance Drives
1. Auflage 2011, 214 Seiten
ISBN 978-3-8322-9869-2

ABISEA Band 58
Kollensperger, P.

The Internally Commutated
Thyristor - Concept, Design
and Application

1. Auflage 201 J, 212 Seiten
ISBN 978-3-8322-9909-5



Aachener Beitrage des ISEA

ABISEA Band 59
Schoenen, T.

Einsatz eines DC/DC-Wand-
lers zur Spannungs-
anpassung zwischen Antrieb
und Energiespeicher in
Elektro-und Hybrid-
fahrzeugen

1. Auflage 2011, 138 Seiten
ISBN 978-3-8440-0622-3

ABISEA Band 60

Hennen, M.

Switched Reluctance Direct
Drive with Integrated
Distributed Inverter

1. Auflage 2012, 150 Seiten
ISBN 978-3-8440-0731-2

ABISEA Band 61

van Treek, D.

Position Sensorless Torque
Control of Switched
Reluctance Machines

1. Auflage 2012, 144 Seiten
ISBN 978-3-8440-10 14-5

ABISEA Band 62

Bragard, M.

Tue Integrated Emitter Turn-
Off Thyristor. An Innovative
MOS-Gated High-Power
Device

1. Auflage 2012, 172 Seiten
ISBN 978-3-8440-1152-4

ABISEA Band 63
Gerschler, J. B.
Ortsaufgeltste Modellbil-
dung von Lithium-lonen-
Systemen unter spezieller
Bertcksichtigung der
Batteriealterung

1. Auflage 2012, 350 Seiten
ISBN 978-3-8440-1307-8

ABISEA Band 64
Neuhaus, C.
Schaltstrategien fr
Geschaltete Reluktanz-
antriebe mit kleinem
Zwischenkreis

1. Auflage 2012, 144 Seiten
ISBN 978-3-8440-1487-7

ABISEA Band 65
Butschen, T.

Dual-ICT- A Clever Way to
Unite Conduction and
Switching Optimized
Properties in a Single Wafer
1. Auflage 2012, 178 Seiten
ISBN 978-3-8440-1771-7

ABISEA Band 66

Plum, T.

Design and Realization of
High-Power MOS Turn-Off
Thyristors

1. Auflage 2013, 130 Seiten
ISBN 978-3-8440-1884-4

ABISEA Band 67

Kiel, M.
Impedanzspektroskopie an
Batterien unter besonderer
Beriicksichtigung von
Batteriesensoren flir den
Feldeinsatz

1. Auflage 2013, 232 Seiten
ISBN 978-3-8440-1973-5

ABISEA Band 68

Brauer, H.
Schnelldrehender
Geschalteter Reluktanz-
antrieb mit extremem
Langendurchmesser-
verhéaltnis

1. Auflage 2013, 202 Seiten
ISBN 978-3-8440-2345-9

ABISEA Band 69

Thomas, S.

A Medium-Voltage Multi-
Level DC/DC Converter with
High Voltage Transformation
Ratio

1. Auflage 2014, 236 Seiten
ISBN 978-3-8440-2605-4

ABISEA Band 70

Richter, S.

Digitale Regelung von PWM
Wechselrichtern mit
niedrigen Tragerfrequenzen
1. Auflage 2014, 134 Seiten
ISBN 978-3-8440-2641-2

ABISEA Band 71

Bosing, M.

Acoustic Modeling of
Electrical Drives - Noise and
Vibration Synthesis based
on Force Response
Superposition

1. Auflage 2014, 208 Seiten
ISBN 978-3-8440-2752-5

ABISEA Band 72

Waag, W.

Adaptive algorithms for
monitoring of lithium-ion
batteries in electric vehicles
1. Auflage 2014, 242 Seiten
ISBN 978-3-8440-2976-5

ABISEA Band 73

Sanders, T.

Spatially Resolved Electrical
In-Situ Measurement
Techniques for Fuel Cells

1. Auflage 2014, 138 Seiten
ISBN 978-3-8440-3121-8

ABISEA Band 74
Baumhofer, T.

Statistische Betrachtung
experimenteller Alterungs-
untersuchungen an Lithium-
lonen Batterien

1. Auflage 2015, 174 Seiten
ISBN 978-3-8440-3423-3

ABISEA Band 75

Andre, D.

Systematic Characterization
of Ageing Factors for High-
Energy Lithium-lon Cells
and Approaches for Lifetime
Modelling Regarding an
Optimized Operating
Strategy in Automotive
Applications

1. Auflage 2015, 210 Seiten
ISBN 978-3-8440-3587-2

ABISEA Band 76

Merei, G.

Optimization of off-grid
hybrid PV-wind-diesel power
supplies with multi-
technology battery systems
taking into account battery
aging

1. Auflage 2015, 194 Seiten
ISBN 978-3-8440-4148-4



Aachener Beitrage des ISEA

ABISEA Band 77

Schulte, D.

Modellierung und experi-
mentelle Validierung der
Alterung von Blei-Saure
Batterien durch inhomogene
Stromverteilung und
Saureschichtung

1. Auflage 2016, 168 Seiten
ISBN 978-3-8440-4216-0

ABISEA Band 78

Schenk, M.

Simulative Untersuchung
der Wicklungsverluste in
Geschalteten Reluktanz-
maschinen

1. Auflage 2016, 142 Seiten
ISBN 978-3-8440-4282-5

ABISEA Band 79

Wang, Y.

Development of Dynamic
Models with Spatial
Resolution for Electro-
chemical Energy Converters
as Basis for Control and
Management Strategies

1. Auflage 2016, 198 Seiten
ISBN 978-3-8440-4303-7

ABISEA Band 80

Ecker, M.

Lithium Plating in Lithium-
lon Batteries: An
Experimental and Simulation
Approach

1. Auflage 2016, 170 Seiten
ISBN 978-3-8440-4525-3

ABISEA Band 81

Zhou, W.

Modellbasierte Auslegungs-
methode von Tempe-
rierungssystemen flr
Hochvolt-Batterien in
Personenkraftfahrzeugen

1. Auflage 2016, 192 Seiten
ISBN 978-3-8440-4589-5

ABISEA Band 82

Lunz, B.

Deutschlands Stromversor-
gung im Jahr 2050

Ein szenariobasiertes
Verfahren zur vergleich-
enden Bewertung von
Systemvarianten und
Flexibilitatsoptionen

1. Auflage 2016, 196 Seiten
ISBN 978-3-8440-4627-4

ABISEA Band 83
Hofmann, A.

Direct Instantaneous Force
Control Key to Low-Noise
Switched Reluctance
Traction Drives

1. Auflage 2016, 244 Seiten
ISBN 978-3-8440-4715-8

ABISEA Band 84
Budde-Meiwes, H.
Dynamic Charge
Acceptance of Lead-Acid
Batteries for Micro-Hybrid
Automotive Applications

1. Auflage 2016, 168 Seiten
ISBN 978-3-8440-4733-2

ABISEA Band 85

Engel, S. P.
Thyristor-Based High-Power
On-Load Tap Changers
Control under Harsh Load
Conditions

1. Auflage 2016, 170 Seiten
ISBN 978-3-8440-4986-2

ABISEA Band 86
VanHoek, H.

Design and Operation
Considerations of Three-
Phase Dual Active Bridge
Converters for Low-Power
Applications with Wide
Voltage Ranges

1. Auflage 2017, 242 Seiten
ISBN 978-3-8440-5011-0

ABISEA Band 87
Diekhans, T.

Wireless Charging of
Electric Vehicles - a Pareto-
Based Comparison of Power
Electronic Topologies

1. Auflage 2017, 156 Seiten
ISBN 978-3-8440-5048-6

ABISEA Band 88

Lehner, S.

Reliability Assessment of
Lithium-lon Battery Systems
with Special Emphasis on
Cell Performance
Distribution

1. Auflage 2017, 202 Seiten
ISBN 978-3-8440-5090-5

ABISEA Band 89

Kabitz, S.

Untersuchung der Alterung
von Lithium-lonen-Batterien
mittels Elektroanalytik und
elektrochemischer
Impedanzspektroskopie

1. Auflage 2017, 257 Seiten
urn:nbn:de:hbz:82-rwth-
2016-120944

ABISEA Band 90
Witzenhausen, H.
Elektrische
Batteriespeichermodelle:
Modellbildung,
Parameteridentifikation und
Modellreduktion

1. Auflage 2017, 286 Seiten
urn:nbn:de:hbz:82-rwth-
2017-034373

ABISEA Band 91

Minnix, J.

Einfluss von Stromstarke
und Zyklentiefe auf
graphitischer Anoden

1. Auflage 2017, 178 Seiten
DOI: 10.18154/RWTH-2017-
01915

ABISEA Band 92
Pilatowicz, G.
Failure Detection and
Battery Management
Systems of Lead-Acid
Batteries for Micro-
Hybrid Vehicles

ABISEA Band 93
Drillkens, J.

Aging in Electrochemical
Double Layer Capacitors:
An Experimental and
Modelling Approach

ABISEA Band 94
Magnor, D.

Globale Optimierung
netzgekoppelter
PV-Batteriesysteme
unter besonderer
Bericksichtigung
der Batteriealterung

ABISEA Band 95

lliksu, M.

Elucidation and Comparision
of the Effects of Lithium
Salts on Discharge
Chemistry of Nonaqueous
Li-O2 Batteries



Aachener Beitrage des ISEA

ABISEA Band 96
Schmalstieg, J.
Physikalisch-
elektrochemische
Simulation von Lithium-
lonen-Batterien:
Implementierung,
Parametrierung und
Anwendung

1. Auflage 2017, 176 Seiten
DOI: 10.18154/RWTH-2017-
04693

ABISEA Band 97

Soltau, N.

High-Power Medium-
Voltage DC-DC Converters:
Design, Control and
Demonstration

1. Auflage 2017, 176 Seiten
ISBN 978-3-942789-42-4

ABISEA Band 98
Stieneker, M.

Analysis of Medium-Voltage
Direct-Current Collector
Grids in Offshore Wind
Parks

1. Auflage 2017, 144 Seiten
ISBN 978-3-942789-43-1

ABISEA Band 99
Masomtob, M.

A New Conceptual Design
of Battery Cell with an
Internal Cooling Channel

ABISEA Band 100
Marongiu, A.
Performance and Aging
Diagnostic on Lithium Iron
Phosphate Batteries for
Electric Vehicles and
Vehicle-to-Grid Strategies

ABISEA Band 101

Gitis, A.

Flaw detection in the coating
process of lithium-ion
battery electrodes with
acoustic guided waves



A press-pack concept and high-current printed circuit boards
with embedded power semiconductor chips are investigated
as alternative packaging technologies for IGBT power modules
in terms of cooling performance, switching losses and dc-link
inductance. Thermal and electrical module models, which are
derived from simulations and validated by measurements, are
used to compare the module concepts on inverter system level
with particular consideration of the application of the reverse-
conducting IGBT.
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