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Industrial, electrical power generation, and transportation systems, to name but a few, rely
heavily on power electronics to control and convert electrical power. Each of these systems,
when encountering an unexpected failure, can cause significant financial losses, or even an
emergency. A condition monitoring system would help to alleviate these concerns, but for the
time being, there is no generally accepted and widely adopted method for power electronics.
Acoustic emission is used as a failure precursor in many applications, but it has not been
studied in power electronics so far.
In this doctoral dissertation, observations of acoustic emission in power semiconductor components are presented. The acoustic emissions are caused by the switching operation and
failure of power transistors. Three types of acoustic emission are observed. Furthermore, aspects related to the measurement and detection of acoustic phenomena are discussed. These
include sensor performance and mechanical construction of experimental setups.
The results presented in this dissertation are the outset of a research program where it will be
determined whether an acoustic-emission-based condition monitoring method can be developed.

Keywords: acoustic emission, power electronics, power semiconductor modules, condition
monitoring, reliability
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Chapter 1

Introduction
Power electronic converters have penetrated into society; low-power converters can be found
for instance in computer power supplies, mobile devices, and home lighting applications.
Thus, an average consumer probably uses dozens of power converters daily without being
aware of their existence. Higher-power converters can be found in many industrial applications including industrial drives, renewable power generation, and, in the future, also on the
power grid. An unexpected fault causes an interruption to the operation of a plant, and in
many cases there is a risk of a hazardous situation or an injury. Considerable financial losses
may also occur: in addition to the immediate cost of repairs, an interruption to production
causes a loss of revenue. According to Eade (1998), the cost of a prolonged unscheduled
interruption “could well be in the six-figure bracket.” A stoppage is especially costly in offshore wind turbines, as they are difficult to reach and service (Kärkkäinen and Silventoinen,
2013).
Condition monitoring would significantly mitigate the situation by allowing operators to
schedule preventative service of the converters. However, there is currently no widely recognized early warning method available for faults.
Acoustic emission has been used as a condition monitoring tool in a variety of applications,
the best known ones probably being detection of bearing failures and monitoring of rotational
machines (Navarro et al., 2010; Li and He, 2012). Other examples include condition monitoring of pipelines, concrete structures, steel pipes and tools, and monitoring of corrosion
(Kaewkongka and Lim, 2007; Kaewkongka et al., 2008; Lamonaca et al., 2012; Lim and
Kaewkongka, 2007; Martins et al., 2014).
For electronics, some work has been done on capacitors where acoustic emission has been
associated with partial discharge (Bua-Nunez et al., 2014; Smulko et al., 2011). In semiconductor components, acoustic emission has been studied in light-emitting diodes. It has been
shown that structural changes in the semiconductor material that are responsible for changes
in the spectrum of the emitted light also cause an acoustic emission to occur (Veleshchuk
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et al., 2004; Vlasenko et al., 2008).
In power semiconductor modules, an experiment has been conducted regarding partial discharges occurring in a power module (Berth, 1998). In the paper Berth notes that the acoustic
signals in the power module are very small, and that the plastic parts power modules cause
significant damping.
As of now, acoustic emission is a generally unknown phenomenon in power semiconductor
modules. Indeed, there is no mention of switching- or failure-related acoustic emission in
power semiconductor modules in the previous literature aside from the work on partial discharges. Thus, showing that acoustic emission occurs in power semiconductor modules is the
main result of this work. The work was conducted within a research project funded by the
Academy of Finland and the ABB Research Grant Program.

1.1 Reliability of power electronics
As stated above, power electronics has many applications including consumer electronics,
industrial plants, traffic, and the production and transmission of electrical energy. In many of
these cases, condition monitoring would allow the plant operator to manage reliability issues
and enhance the availability of the plant. Because of statistics readily available, wind energy
is used as an example in this section to study the state of reliability in power electronics.
A fault in power electronics was the cause for combined 6219 hours of stoppage in Finnish
wind power plants in 2010, constituting 13.1 % of the total stoppage time (Stenberg and Holttinen, 2011). In a Swedish survey (Ribrant and Bertling, 2007) the electric system, excluding
the generator, was the cause of failure in 14.3 % of cases. Power semiconductor devices,
power transistor modules in particular, cause a significant proportion of faults. Statistically, a
power semiconductor failure has been reported as the cause of a converter failure in 19 % of
power converter faults (Zhu et al., 2011).
A condition monitoring method benefits the user of a system by reducing the downtime
caused by a failure (Kärkkäinen and Silventoinen, 2013). Power electronics is a good candidate for condition monitoring in wind power systems, as the failures related to it tend to cause
a relatively long downtime in wind power systems, and faults in power electronics represent
the most frequent failure type (Table 1.1).
In solar power systems, plant owners demand 20 years of working life of power electronic
converters. Modern power converters are capable of achieving such a life span, and the future
development in power semiconductors and packaging will probably extend the lifetime of the
converters even further. Even in that case, a condition monitoring system would improve the
user experience near the end of the converter life.
1 Includes

the blades and the blade pitch mechanism
as the electric system, contains other components beside the power electronics, excludes the generator

2 Reported

1.2 Condition monitoring in power electronics

13

Table 1.1. Average number of failures per year per system (N), and the average length of a stoppage
(hours) caused by a failure per failure type (ts ). Based on data from Stenberg and Holttinen (2011);
Turkia and Holttinen (2013); Ribrant and Bertling (2007)

System

Finland
2010
2011
N
ts
N
ts

Blade pitch mechanism
Power electronics
Gearbox
Hydraulics

65
48
34
31

171
130
331
164

60
40
22
13

141
89
316
199

Sweden
2000–2004
N
ts
32.2
42.0
23.6
32.0

91.6 1
106.6 2
256.7
43.2

1.2 Condition monitoring in power electronics
At present, there is no widely accepted condition monitoring method for power electronics.
Most of the proposed methods rely on measuring the collector-emitter voltage of the power
transistor (Lehmann et al., 2003). This method is able to detect imminent faults resulting from
bond-wire lift-off but is unable to detect failure caused by other mechanisms. Furthermore,
the voltage-based condition estimator requires a voltage measurement to be performed on
each transistor separately.
In addition to the measurement of the collector-emitter voltage, turn-off time has been suggested as a failure indicator (Brown et al., 2012). The gate circuit has also been proposed
as a source of condition monitoring information (Zhou et al., 2013). However, both methods
require very fast voltage measurements to be performed on each transistor.

1.3 Definition of acoustic emission
Acoustic emission is an established term in the condition monitoring community. It is the
experience of the present author that many working professionals in the field of electronics
and power electronics initially get a wrong idea of the nature of the phenomena. To prevent
confusion, the most important terms are defined here.
In this doctoral dissertation, acoustic emission is understood as the emission of vibration in a
system. The vibration is caused within the system or device being tested, not from an outside
source as in acoustic microscopy. It is a common misconception that, given the term ’acoustic
emission,’ those vibrations would be at audio frequencies, that is, within the human hearing
range. This may be the case, but the present work also considers frequencies below and above
the hearing range to be acoustic. In fact, the observations presented extend to hundreds of
kilohertz.
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Another common misconception is that the studied acoustic waves would propagate from the
device under test to air, where they can be detected by an ear or a microphone. While this
would certainly count as acoustic emission, it is not a requirement. In fact, all observations
presented in this doctoral dissertation are made by observing the vibrations directly on a solid
surface, using an acoustic emission sensor.

1.4 Objectives and research questions
The main objective of this work was to investigate whether acoustic emission exists as a
phenomenon associated with power semiconductor modules. This work can then be built up
in the future, perhaps ultimately yielding a viable condition monitoring method.
In this doctoral dissertation, the main research question can be formulated as Does acoustic
emission exist in power semiconductor modules? This question is answered for switchingand failure-related acoustic emissions. As a result, three types of acoustic emissions are
identified.
How can acoustic emissions be reliably produced and monitored was a further key research
question. Because of the unknown nature of the phenomenon in the power electronics context, this was not self-evident. This question was answered by developing experimental setups
that allowed producing the scientific results of this doctoral dissertation.

1.5 Scientific contributions of the doctoral dissertation
• Discovery of acoustic emission as a phenomenon associated with the operation and
failure of power semiconductors
• Development of experimental setups for the investigation of acoustic emissions in
power electronics
• Evaluation of the applicability of presently available acoustic emission sensors for investigating power semiconductors

1.6 List of publications
Publication I
Kärkkäinen, T.J., Talvitie, J.P., Kuisma, M., Hannonen, J., Ström, J.-P., Mengotti, E., and
Silventoinen, P. (2014), "Acoustic Emission in Power Semiconductor Modules—First Observations," IEEE Transactions on Power Electronics, vol. 29, no.11, pp. 6081–6086.

1.6 List of publications
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In Publication I, it is shown for the first time that acoustic emission is a phenomenon in power
semiconductor modules that results from the switching operation of a power module.
The author of this doctoral dissertation is the principal author of the article, and designed and
constructed the experimental setup used for producing the results. The analysis of the results
was made primarily by the author, in collaboration with the coauthors.
Publication II
Kärkkäinen, T.J., Talvitie, J.P., Ikonen, O., Kuisma, M., Silventoinen, P., and Mengotti, E.
(2014), "Sounds from semiconductors – Acoustic emission experiment with a power module," in Proceedings of the 16th European Conference on Power Electronics and Applications
(EPE’14-ECCE Europe).
In Publication II, the results of Publication II are confirmed by repeating the experiment using
different instrumentation. The same conclusion is drawn: the switching operation of a power
module causes acoustic emission to occur.
The present author is the principal author of the paper, and was responsible for conducting
the experiment.
Publication III
Kärkkäinen, T.J., Talvitie, J.P., Kuisma, M., Silventoinen, P., and Mengotti, E. (2015),
"Acoustic Emission Caused by the Failure of a Power Transistor," in Proceedings of Applied
Power Electronics Conference and Exposition (APEC).
In Publication III, observations of acoustic emission caused by the failure of IGBTs are made.
Two distinct types of acoustic emission are detected.
The present author is the principal author of the paper, and designed and constructed the
experimental setup used for obtaining the results.
Publication IV
Kärkkäinen, T.J., Talvitie, J.P., Kuisma, M., Silventoinen, P., and Mengotti, E. (2015), "Measurement Challenges in Acoustic Emission Research of Semiconductors," in Proceedings of
the 17th European Conference on Power Electronics and Applications (EPE’15).
In Publication IV, measurements and instrumentation applied to the experiments are discussed. Challenges and solutions involved in the measurement and sensor limitations are
presented.
The present author is the principal author of the paper. The paper is based on measurements
performed for previous publications. The analysis was made by the author in collaboration
with the coauthors.
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Chapter 2

Research methods
The research work was mainly carried out by conducting experiments on power transistors.
Every experiment involved a device under test (DUT) – an IGBT module or a single IGBT –
together with other necessary test circuitry, and the instrumentation required for recording the
acoustic phenomena being studied, as well as necessary electrical quantities. The circuitry
was used to drive the DUT to an operating or failure condition where acoustic emission was
expected to occur.
There are also other methods of research: Multi-domain simulation tools capable of analyzing electromagnetic and acoustic phenomena simultaneously are available. Because of the
absence of prior work on acoustic emission of power semiconductors, it would have been
difficult to evaluate the relevance and validity of the simulation results, as there would have
been no reference data to compare the simulation results with. For this reason, experiments
were considered a better way of investigating these phenomena.
In the course of the research, the measurement of the acoustic phenomena required special
attention. For example, attention had to be paid to ensure that the measured acoustic waveforms actually were acoustic and not, for instance, electromagnetic interference. It was also
necessary to maintain that the detected acoustic phenomena took place within the power module being investigated and were not of some other origin. A considerable amount of time was
spent on ensuring that the data actually represent what they are thought to represent.

2.1 Experimental setups
Much of the work on the experiments was done on designing and constructing experimental
setups. This section highlights the questions and problems encountered during this phase of
the work.
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2.1.1 Sensors
A wide variety of sensors with diverse characteristics are available in the market. The sensitivity, bandwidth, mechanics, thermal limits, and behavior in a noisy environment were
regarded as the most important properties of a sensor for this work. For a practical implementation in a customer installation, other properties such as affordability and durability would
be of great interest. In a laboratory setting, however, these matters do not play as significant
a role.
For this research, a wide-band sensor was desired. It was anticipated to give the best view
into the acoustic phenomena. While it is not uncommon for narrow-band resonance type
sensors to be used in acoustic emission projects, it was assumed that such a sensor might not
reveal as many interesting characteristics as a wide-band sensor could. It is not immediately
obvious which frequencies are found or will be emphasized in the acoustic data. Therefore,
selecting a narrow-band sensor with a suitable center frequency would be problematic.
It was also difficult to estimate how sensitive the sensor should be. There was no simple
means of estimating the amplitude of the acoustic signal in terms of pressure, displacement, or
displacement velocity. There was, however, a simple method to find out whether a particular
sensor is sensitive enough for an experiment: to acquire such a sensor and test it.
Two wide-band sensors were selected: Kistler Piezotron and KRN Services KRNBB-PC
(Figure 2.1). Both sensors are wide-band, with frequency ranges of 50 to 400 kHz and 100
to 100 kHz, respectively. The KRN sensor is, however, sensitive to much lower frequencies
in the 10 kHz range; the datasheet specification is limited to 100 kHz because of the manufacturer’s test rig limitations. Both sensors are limited to 60 ◦ C; this restriction required the
test in Publication III to be done in an unconventional manner: the temperature limitation of
the sensor was circumvented by operating the DUT in a way that does not resemble realistic
operating conditions in terms of current, power, and temperature.
Sensors with a high temperature tolerance have been developed, for instance by Noma et al.
(2007). Such sensors were not, however, commercially available at the time of the work
described in this dissertation. Since the experiments have been carried out, sensors with
temperature ranges reaching 160 ◦ C have become commercially available and accessible to
the author.

Figure 2.1. Examples of wide-band acoustic emission sensors. Two KRN Services KRNBB-PC sensors
on the left, and a Kistler Piezotron sensor on the right.

2.1 Experimental setups
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Figure 2.2. Examples of methods to attach acoustic emission sensors. The Kistler sensor (left) is held
in place by a weight, and the KRN sensor is screwed into a nut that has been glued to the surface. The
setup shown here is not used in any of the publications of this doctoral dissertation, but was used in the
initial tests where the performance of the sensors was evaluated.

Sensor attachment is an issue that has to be solved in each experimental setup (Figure 2.2).
The Kistler sensor, for example, is designed to be attached with a screw, which requires a
threaded hole to be made in the system to be measured. Screwing such a hole for instance into
the cooling surface of a power module is not feasible. Instead, the sensor was held in place
manually, or by placing a weight on top of it. The KRN sensor, on the other hand, is threaded
and intended to be screwed into the system being tested. For some of the experiments, a nut
was glued onto the surface where the tests were being made while for some, a larger rig was
constructed around the system under test.
The use of a laser doppler vibrometer was also tested. Unfortunately, it was incapable of
detecting any signal from the experimental setup. One possible explanation for this is that the
surface displacement in the power module is too small for the laser vibrometer to detect.

2.1.2 Mechanical and electrical design
The mechanical design of the experimental setup is crucial for the success of the experiments.
The mechanical construction must allow the acoustic waves to propagate from the intended
source to the sensor while also preventing the propagation of other acoustic signals to the
sensor.
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The mechanical design is also part of the electromagnetic design of the experimental setup.
The sensors typically produce a relatively low voltage, in the range of tens of millivolts peakto-peak, which is later amplified to be actually measured. Such signals are susceptible to
electromagnetic interference.
For these reasons, the experiments conducted in this work did not use the typical mechanical
construction of a power converter where the power semiconductor modules are attached to a
heat sink and surrounded by an enclosure. Such an arrangement provides an acceptable level
of electrical safety, cooling, and immunity to electromagnetic interference. Constructions
of that kind do not, however, usually provide much extra space where an acoustic emission
sensor could be installed. Even if room for the sensor could be found, it might be difficult to
find multiple measurement locations to gain a better insight into the phenomenon.
Another reason against the typical power converter design was the fact that a purpose-built
experimental setup allows better control of the acoustic environment. The number of components affecting the surfaces where the sensors are attached can be reduced, and the acoustic
coupling between the parts of the system can be controlled more easily.
Because the mechanical setups used in this work deviate considerably from power converter
products, they do not necessarily exhibit the electrical safety built into commercial products.
A choice had to be made. On one hand, one could build an experiment that both maximizes
the likelihood of producing and detecting an acoustic emission, and provides electrical safety
so that realistic voltages (600 V DC for the modules in this work) can be used. On the other
hand, one could use a simplified mechanical construction and reduce the voltage to a safer
level. The latter option was chosen mainly in order to expedite the construction of the experimental setups and the delivery of results.
Another instance where a choice had to be made between realistic operating conditions and
the ease of experiments is prominent in Publication III. In this case, the main reason for
choosing the less realistic option was protecting the sensor from the heat present in the measurement system. Operating the power transistor under realistic conditions would have produced such a large amount of heat that the sensor would have been in danger of destruction.
Here, unrealistic conditions mean that the measured waveforms cannot be expected to resemble those occurring in a power converter.

2.1.3 Experiment on switching-related acoustic emissions
To study whether acoustic emission occurs in connection with the switching operation of a
power module, a power module was made to switch and the related acoustic emissions were
monitored. A detailed description of the switching circuit is presented in Publication I.
The switching circuit excluding the power module under test is located inside an electronics
enclosure (Figure 2.3). The DUT is attached to the lid of the enclosure so that acoustic
emissions originating from it can propagate to the lid.

2.1 Experimental setups
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Figure 2.3. Experimental setup used in Publications I and II. The device under test is attached to the
lid of the electronics enclosure, and the sensor is attached to the outer surface of the lid. The rest of the
electronics are located inside the enclosure. From Publication I.

The sensor is attached to the lid, and measurements are made at multiple locations. The
propagation delay from the switching instant to the detection of the pulse is measured and
compared against the distance of the measurement location from the DUT.
To rule out the possibility of other circuit components affecting the measurement, a test was
made where a piece of packaging foam was placed between the lid and the wall of the enclosure. The foam alters the acoustic path between the lid and the rest of the enclosure. If acoustic sources other than the DUT were present in the detected signal, the measurement with the
packaging foam should produce a waveform that deviates from the one obtained without it.
However, both the measurements with and without the packaging foam were virtually identical, suggesting that the other components do not emit interfering acoustic emissions to the
lid.

2.1.4 Experiment on failure-related acoustic emissions
In order to record acoustic emissions associated with the failure of power transistors, another
experimental setup was constructed (Figure 2.4). In this setup, the DUT, a TO220 packaged
IGBT, is attached to a piece of sheet metal. The metal allows the acoustic signal to propagate
to the sensor while it also absorbs some of the heat generated during the experiment.
The DUT is fed from a constant current supply, in the active region. This causes a substantial
amount of heat to be dissipated in the DUT; the thermal power of 100 W causes the failure
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Figure 2.4. Experimental setup used in Publication III. The device under test is attached to a piece of
sheet metal, which also conducts the acoutsic signals from the DUT to the acoustic emission sensor. An
external power supply is used to heat the DUT, causing it to fail. From Publication III.

of the DUT in about three seconds. Various failure modes took place, including gate-emitter
and collector-emitter short-circuits.

2.2 Methods of analysis
Once the experimental setup has been constructed, tested, and functionally verified, it then
becomes necessary to perform analyses and calculations on the data to get answers to the
questions originally posed. In this work, a typical research question was “Does the event
in question cause an acoustic emission under the current circumstances?” Answering the
question based on acoustic measurements requires an analysis method that is able to:
• detect acoustic events in acoustic emission sensor data,
• rule out other acoustic sources, and
• rule out signals caused by electromagnetic interference.
Sophisticated wavelet-based methods for the detection of waves have been studied in other
applications such as the study of seismology (Jamshidi and Shaabany, 2011; Colak et al.,
2009; Suprijanto et al., 2013; Hafez et al., 2010). Other methods that have been applied
include empirical mode decomposition (Li and He, 2012), fuzzy inference (Navarro et al.,
2010), a coherence- and intensity-based method (Moschioni et al., 2004), a peak analysis
(Kaewkongka et al., 2008), and a neural-network-based method (Martins et al., 2014). Most
of these methods have been designed for situations where an acoustic emission from a specific

2.2 Methods of analysis
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source or caused by a specific event has to be detected from a signal where other acoustic
emissions also exist. Some of them, especially the neural-network-based method (Martins
et al., 2014), also require prior knowledge of the nature of the phenomenon being observed.
The work presented in this dissertation is done on experimental setups that are designed in a
way that acoustically isolates the device under test from the rest of the system. This means
that the capability of isolating different sources and mechanisms is not needed in the postprocessing of the signals. Therefore, the above-discussed methods do not add value to the
analysis in this work.
For this reason, simple and readily applicable methods were proposed in each of the publications. For example, in Publications I and II, acoustic measurement is performed in multiple
randomly selected locations around the DUT. The idea is to measure how long it takes for
the signal to propagate from the DUT to the measurement location in each case. An analysis
method capable of detecting the arrival of an acoustic wave is required. A simple method
based on detecting the first peak in the signal was devised: for an acoustic signal u(t) and its
derivative function u̇(t), for each peak in the signal
u̇(tp ) = 0

(2.1)

where tp is the time when the signal is at its peak. It is possible and likely that the signal,
containing noise, has peaks before the intended first peak of the acoustic event. For this
reason, the analysis should also include a threshold level uth . The detected time of an acoustic
wave can be expressed as the lowest td that satisfies

u̇(td ) = 0
.
(2.2)
u(td ) ≥ uth
The added threshold allows the method to disregard noise present in the system and lowamplitude interference that couples from the test system. To further reduce interference, the
signal was low pass filtered prior to the analysis, as most of the interference was seen to be
found at frequencies higher than 1 MHz.
This method was considered to be simple, computationally efficient, and accurate enough for
the requirements of this work. Typically, the detection error is one or two signal periods,
while the observed differences between measurement locations are much greater.
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Results
The research work produced several results. First, it was concluded that acoustic emission
is a real phenomenon in the context of power semiconductor modules. This result is further
validated in Publication II. Acoustic emissions associated with the switching operation of
power IGBTs were investigated. In Publication III, observations of acoustic emission related
to the failure of an IGBT are presented. Publication III also suggests that different types of
acoustic emission can be identified from the acoustic measurements.
In the course of the work, it was discovered that the sensors themselves have an effect on the
measurements, and that the limitations of the sensors affect the approach taken to the design
and execution of experiments. These aspects are discussed in Publication IV.

3.1 Existence of acoustic emission
To study acoustic emissions associated with switching, a half bridge module was made to
switch. The related acoustic events were monitored with an acoustic emission sensor. The
experiment was repeated thirty times, placing the sensor each time in a different location.
By plotting the time between the turn-off of the IGBT and the detection of an acoustic event
(Figure 3.1), one can see that the further away the sensor was, the longer the time delay was.
This behavior is expected when the power module is the source of the acoustic emission.
The result supports the theory that a switching operation of power transistors causes acoustic
emission to occur.
Originally, the experiment was conducted using the Kistler sensor. These findings are presented in Publication I. To enhance the reliability of the conclusion, the experiment was
repeated with the KRN sensor. These results are reported in Publication II. Both experiments
yielded the same conclusions, although there were some differences in the measurements.
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(a) Propagation delays measured in Publication I
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Figure 3.1. Results of an experiment that showed the existence of acoustic emissions in power semiconductor modules. The contours show how many microseconds it takes for the signal to reach the sensor
when measurements are performed in different locations. The measurement locations are indicated by
x.
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Figure 3.2. Acoustic event associated with IGBT switching, observed with two different sensors. From
top to bottom: the pulse fed to the IGBT, output from the KRN sensor, output form the Kistler sensor.

Perhaps the most important source of these differences can be found by studying the actual
waveform captured by each sensor (3.2). It is evident that the KRN sensor captures a strong
signal at a much lower frequency than the Kistler sensor. This causes the time resolution of
the detection method to be much lower for the KRN sensor than it is for the Kistler sensor.
As such, the contours in Figure 3.1(b) are much coarser than in figure (a).
The time delays shown in Figure 3.1 are longer than those predicted by a calculation based
on nominal propagation velocities in aluminum. This can be explained by examining the
accuracy of the wave detection method (Figure 5 in Publication I). The detection may take
place some periods after the actual arrival of the acoustic wave. These periods correspond to
the difference between the calculated and detected delays.
There is also a considerably large difference between the delays presented in Publications I
and II. Both measurements use the same wave detection method and are, therefore, subject
to similar errors. Because the KRN sensor has a strong low-frequency component, the error
caused by a few signal periods is longer than with the Kistler sensor.
Another possible reason for the different time delays is that the sensors may be sensitive to
waves with different modes of propagation. For aluminum, the velocity of longitudinal waves
is more than double that of the shear wave. The analysis cannot, however, be based solely on
the properties of aluminum. Although the enclosure in question is nominally cast aluminum,
it contains zinc and is not homogeneous.
In Publication III, acoustic emissions produced by the failure of an IGBT were monitored.
The failure of the TO-220 packaged DUTs was caused by subjecting them to an abnormally
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Figure 3.3. Examples of the two observed acoustic emission types associated with the failure of transistors. Immediate emission (a) occurs at the same time as the failure, and post-failure emission (b)
typically occurs tens of milliseconds later.
Table 3.1. Number of components where each type of acoustic emission could be observed and the
related failure modes; from Publication III.

Failure mode

Immediate

Post

Both

None

2

1
7
2

3
9

2

Gate-Emitter short
Collector-Emitter
Neither

high stress of 100 W, which caused a failure in a few seconds. Two different types of acoustic
emission were observed: an immediate emission that occurred at the time of the failure,
and a post-failure emission that occurred tens of milliseconds after the failure (Figure 3.3).
All components tested did not exhibit both emission types (Table 3.1). Some did, others
exhibited only one type, and a few components did not emit any acoustic signal at all. It was
also observed that there could be multiple post-failure emissions, but only exactly one or zero
immediate emissions.

3.2 Acoustic emission types
As discussed above, acoustic emissions related to the switching operation and failure of IGBTs were observed, and three types of acoustic emission were identified. Comparing the
three observed acoustic emission types (Fig. 3.4), it is evident that they deviate considerably
from one another. One can see, for example, that the events are of different durations; the

3.2 Acoustic emission types

29

Figure 3.4. Acoustic emission types associated with power semiconductors. From top to bottom: spectrograms and time domain plots of a switching-related emission, immediate emission, and post-failure
emission. The time scales of the spectrograms match those of the time domain plots. Each observation
in the figure is measured using the KRN sensor. The post-failure and immediate emissions are from a
TO-220 packaged transistor; the switching-related emission from a half bridge module.
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failure-related emissions are significantly shorter than the switching-related acoustic emission. The post-failure emission, in particular, appears to consist of a series of very short
“mini-emissions.” The immediate emission, on the other hand, behaves more like a single
decaying oscillation.
The switching-related emission is also a decaying oscillation, but its duration is significantly
longer than that of the immediate emission. It is, however, risky to generalize this to be true,
as the switching-related emission and failure-related emissions were measured from IGBT
modules of different sizes and with different experimental setups.
In terms of waveform and frequency content, the immediate-emission- and switching-related
emission have much in common. Both appear to be dominated by a single frequency in
the order of 10 kHz. The switching-related emission also seems to contain some other frequencies. The post-failure emission, on the other hand, consists of nonperiodically recurring
impulse-like signals.
The spectrograms of the emissions also support these conclusions. The majority of the signal
energy in the switching-related and immediate emissions is in the low sub-200 kHz band.
The duration of the immediate emission is shorter than that of the switching-related one. The
dissimilarity of the post-failure acoustic emission from the other emission types is also very
evident in the spectrograms: the signal is a series of short, wide-band events rather than a
single emission.
A reference measurement of the switching-related acoustic was performed at a DC link voltage of 600 V. The purpose of this experiment was to determine whether the phenomenon is
different when it is excited by switching occurring at a realistic operating voltage. Comparing
the waveforms (Figure 3.5) three differences can be clearly identified. First, the signal amplitude is not noticeably higher in the 600-volt measurement than the 30-volt measurement.
This suggests that the phenomenon is more dependent on current than voltage. Second, the
acoustic event is shorter. The reason for this is unknown at this point. Third, the voltage peak
caused by the switching of the power module is significantly higher. This is explained by the
fact that the sensor is sensitive to capacitively coupled interference, and the increased voltage
exacerbates the interference effects.
It is also evident that the measurement at 600 V contains more noise than the 30-volt measurement. Rather than being white noise, it is concentrated on narrow frequency bands spaced
about 100 kHz from each other, starting at about 200 kHz. The noise is present in the output
even when the sensor is mechanically disconnected from the experimental setup. The voltage
supply is perhaps the most likely source for the noise, although this was not confirmed. Fortunately, the acoustic signal is concentrated at frequencies below than 200 kHz so the acoustic
signal is not degraded.
In the spectrograms one can see that the signal in the 600-volt measurement is spread over
a wider spectrum of frequencies. In both measurements the low frequencies contain most of
the signal power. In the 600-volt measurement the acoustic event starts at about 0.4 ms with
frequencies between about 30 and 60 kHz. At about 0.5 ms, the low frequencies become
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(a) Measurement at 30 V

(b) Measurement at 600 V

Figure 3.5. Comparison of switching-related acoustic emissions recorded with a DC link voltage of
30 V and 600 V. The time scales of the spectrograms match those of the time domain plots.

32

Results

visible. In the 30 V measurement there is significantly less signal at higher frequencies, and
the low-frequency signal appears to start more uniformly. Higher frequencies appear to only
be present during the peaks of the signal. In the 600-volt measurement, the high frequencies
fade out before the low frequencies.
It is unclear why the signals are so different. As stated above, the increased voltage did not
increase the observed signal amplitude, which suggests that the main mechanism causing
acoustic emission is more related to currents and magnetic fields than voltages and electric
fields. It is possible that another voltage-dependent mechanism is causing other acoustic
events which causes the differences described above.
One possible voltage-related mechanism is partial discharges occurring in the silicone gel
within the power module. In the opinion of the present author this is an unlikely explanation.
In the literature, partial discharge experiments on power modules are typically carried out at
voltages that are considerably higher than the 600 volts used here (Breit et al., 2002; Lebey
et al., 2004; Berth, 1998). Another possible voltage-related mechanism is the piezoelectric
effect. The dielectric in the power module is often made of aluminum oxide or aluminum nitride. Aluminum nitride exhibits piezoelectricity but it is not known which dielectric material
is used in the power modules under test.
While it is tempting to also analyze the differences in the amplitudes of the signals, this would
be somewhat questionable. The amplitude in the switching emission experiments has been
very consistent and repeatable. The failure-related emissions, however, have displayed a significantly varying amplitude, as is evident from Figure 3.3. Further, the significance of such
an analysis is unclear. The switching- and failure-related emissions are measured from different experimental setups and with different electrical loads, meaning that the measurement
conditions are not comparable. It is, however, worth noting that each acoustic event is strong
enough to be picked up by the sensor, meaning that the choice of sensors was a satisfactory
one.

3.3 Measurement challenges and sensor performance
Although the primary objective of the work was to investigate the acoustic phenomena in
power semiconductors, also measurement issues had to be addressed. Since no previous
work on acoustic emissions in the context of power semiconductor modules could be found,
there were no reference measurement methods available, neither were there any purpose-built
sensors in the market. As such, the experiments provided information not only on the nature
of the acoustic phenomena but on how the acoustic emission sensors meet the requirements
of performance.
Publications I and II present the same experiment carried out with different sensors. As described in section 3.1, both experiments support the same conclusion. Publication IV further
explores the differences and challenges of the measurements.
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By comparing an acoustic emission recorded by using two different sensors (Figure 3.2), one
can immediately see that the resulting waveforms deviate considerably from each other. The
KRN sensor captures much lower frequencies than the Kistler sensor. The higher frequencies
present in the output of the Kistler sensor, however, are absent from the KRN sensor signal.
The frequency range of the KRN sensor covers that of the Kistler sensor entirely, and extends
to the low frequencies, and up to a megahertz. Therefore, it would be reasonable to expect
the KRN sensor to capture all the frequencies that the Kistler sensor does. One explanation
for this might be resonances inside the sensors, the frequencies of which would depend on
the construction of the sensors. The resonances may be caused by the mechanical elements
in the sensors, or by the electrical parts in them.
Another possible source of resonances is the mechanical construction in which the acoustic
emissions are measured. This encompasses the device under test, but also other parts of the
experimental setup. None of the experiments presented in this work have the sensor directly
connected to the DUT, but a metal object acoustically connecting the sensor to the DUT.
This acoustic environment may produce resonances of its own and also attenuate the acoustic
signal to some degree.
There is also a distinct difference between the sensors during the IGBT pulse. The KRN
sensor captures what looks like an interrupted sine wave during the pulse whereas the Kistler
sensor fails to capture anything at that time.
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Conclusions
This work presents observations of acoustic emission in power semiconductor modules. The
main result is that acoustic emission has now been shown to be a real phenomenon associated
with power modules. Acoustic events related to the switching and failure of power modules
were recorded. Three distinct types of acoustic emission were identified.
Results relevant to the instrumentation and measurement of acoustic phenomena are also discussed. It was found that the wide-band acoustic emission sensors were capable of detecting
the acoustic emissions presented in this work. The sensitivity of the commercially available
sensors was adequate for the measurements presented.
In Publication I, it was shown that the switching transient in a power semiconductor module
causes an acoustic emission. An acoustic wave propagates through the cooling surface of
the semiconductor module and is detected by an acoustic emission sensor. In Publication II,
this result was confirmed by using a different type of acoustic emission sensor in the same
experimental setup. Although significant differences between the outputs of the sensors were
observed, the results support the same conclusion: the switching operation of a power semiconductor module causes an acoustic emission. The physical phenomenon that causes the
acoustic emission is presently unknown.
In Publication III, IGBTs were made to fail, and the related acoustic emissions were monitored. Two distinct types of acoustic emission were observed: an immediate acoustic emission that occurs at the time of failure, and post-failure acoustic emissions that occur tens of
milliseconds after the failure. The fact that there are two distinct emission types suggests that
two physical mechanisms may be causing the emissions. The mechanisms themselves are
presently unknown. It should also be kept in mind that because of the sensor limitations, this
experiment was conducted under unrealistic operating conditions, and therefore, the results
cannot be directly generalized to apply to most semiconductor failures.
In Publication IV, questions related to the measurement and instrumentation in this study
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were addressed. Several difficulties in the measurements were identified, the most important
being the temperature limitations and the self resonance of the sensors. The publication also
discusses the ways in which those limitations have been circumvented in this work.
Although the results presented in the publications are reliable, there are some shortcomings
that hinder their generalizability. In the experiments, the modules are operated quite far
from their nominal operating point. In the switching experiments, the modules are operated
under voltages that are about 5% of the usual working voltage of the modules in question.
Furthermore, the switching experiments were conducted in room temperature, while in a
typical converter application the operating temperature would be much higher.
A switching experiment was also conducted at a DC link voltage of 600 V. A similar but
not identical waveform was observed in this case. It seems that multiple mechanisms may
be causing acoustic emissions; some seem to be excited by current and some by voltage.
In some applications it can be beneficial if different acoustic phenomena can be triggered
independently from each other.
Moreover, the mechanical construction used in all experiments was simplified; nevertheless,
the experiments were able to demonstrate that acoustic emission originates from the power
semiconductor module under test. While this would probably hold true in a typical power
converter, such a converter can be expected to be acoustically more complicated. There are
several other components besides the power semicondcutors that may contribute to the overall
acoustic signal. Even if these other components do not act as an acoustic source, they may
still interfere with the acoustic conduction path of the signal, altering the observed signal.
As stated in the introduction, the main application of this work is condition monitoring of
power electronics systems. The results presented in the work cannot be directly applied
to devise a condition monitoring method, or to deduce whether an acoustic-emission-based
condition monitoring method is feasible. It does, however, provide a starting point for future
work, which may ultimately lead to a condition monitoring method. This is the scientific
impact of this work.
The work presented in this doctoral dissertation does not have a direct societal impact. Future
work, on the other hand, may have a considerable societal impact in the form of enhanced
availability of power electronics. If a condition monitoring method can be developed, it has
the potential to promote the availability, quality of service, and safety in industrial plants,
energy production, distribution of electricity, and transportation, to name but a few.

4.1 Considerations on future work
Based on the work presented in this doctoral dissertation, multiple paths are available for
future research (Fig. 4.1). The two main paths are related to the physics of the acoustic
phenomena and the condition monitoring application. The study of physics could focus on
grasping the mechanisms behind the acoustic emissions and phenomena associated with the
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propagation of the acoustic wave. Comprehension of these aspects would facilitate the development of practical applications. It would also be the key scientific impact of the research
area. The effects of aging on the acoustic phenomena of the power modules should also be
studied in order to support the development of a condition monitoring method.
In order to fully exploit the acoustic phenomena for condition monitoring, there is more to
study than the mere effects of aging. Unless a very simple solution to the condition monitoring proves to be feasible, considerable research efforts are required on detection methods,
for instance algorithms that can discriminate aging information from other acoustic signals
and interference. At this point it is, however, difficult to say what questions would have to be
answered.
In addition to the physics and methods questions of condition monitoring, there are some
very practical multidisciplinary problems that have to be solved before an end-user can benefit from any condition monitoring: would the condition monitoring system be permanently
installed in the power converters, or would a portable instrument be used to periodically
check the converter? Would the end-users of the converters own the condition monitoring
system, or would they prefer to purchase condition monitoring as a service? How should the
instrumentation be implemented? What kind of infrastructure such as data centers and data
transmission would be needed?
The measurement-related aspects of acoustic emission are also an important, supporting research task. As has already been discussed in this work, the current measurement tools are
not perfectly suited for this type of research. The measurement requirements of a practical
condition monitoring method may significantly differ from those of the research presented in
this work, meaning that it may be possible to sacrifice bandwidth in order to extend the temperature range of the instrumentation. Concerning a practical instrumentation, affordability
is also an important factor.
One potential path is the study of nuisance noise caused by the power semiconductors. The
results from this field could help improve the comfort of users in household systems, electric
vehicles, and other applications where a regular user is in the vicinity of a power converter.
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Figure 4.1. Future work on the subject can take several paths, some of the main ones being depicted
here.
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