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Today, Scania CV AB is facing challenging demands on functionality
and performance within their vehicles. The electronics are
increasing rapidly and to stay competitive on the market, concerns
regarding reliability of electronic systems needs to be evaluated.
Prognostics and health management (PHM) is a concept where
reliability of, for example, electronic control units (ECUs) are
assessed. It requires customized systems for each specific
environment, due to different strains and stresses. One approach
is to have canaries (components with reduced soldering mass)
implemented into ECUs as an indication that something is about to
happen. Another essential aspect is the continuous real-time data
acquisition from sensors, that can be used for different
algorithms and models, which could provide forecasts on remaining
useful life (RUL) of the ECUs. An appliance is the big data
acquisition, where a database will collect data from vehicles,
which means that ECU data need be communicated differently than
today.
This is why this master thesis project investigated canaries on
printed circuit boards (PCBs) when they were subjected to
vibrations as well as thermal cycling (TC), which are common
parameters within vehicles. The PCBs consisted of both lead (SnPb) and lead-free (SAC305) soldering for material comparison,
since a transition to lead-free electronics is happening. Several
fatigue tests were performed to collect as much information as
possible. For further advances towards a PHM implementation,
thermal shock (TS) tests on ECUs were performed as well. The ECUs
were shocked in a temperature cabinet while being in active state.
The internal temperature sensor was communicated with via
controller area network (CAN). Scania’s CAN program was used and
the data was logged in a computer, which in turn was compared to
the data from the surrounding thermocouples, placed in specific
spots.
The results that were achieved clearly showed that lead-free PCBs
are much more sensitive to stresses (both vibrations and TC). It
was also shown that canaries failed in a much higher extent than
regular resistors. The real-time data acquisition from the ECU
could successfully be managed, where continuous data was logged.
Also, the TS tests showed how the correlation between sensors in
different positions was. Finally, the results from these tasks
were discussed for future work.
One have to keep in mind that this is just the beginning of a
many-years project within Scania. The results and progress within
this master thesis project will hopefully be a step in the right
direction.

Handledare: Mattias Forslund
Ämnesgranskare: Uwe Zimmermann
Examinator: Mikael Bergkvist
ISSN: 1654-7616, UPTEC E 17 006

Table of Contents
Abstract ................................................................................................................................................... 2
List of acronyms and abbreviations ......................................................................................................... 3
1 Introduction .......................................................................................................................................... 4
1.1 Background ................................................................................................................................... 4
1.2 Problem Statement and Research Objectives ................................................................................ 5
1.3 Delimitations ................................................................................................................................. 5
2 Theory .................................................................................................................................................. 6
2.1 PHM .............................................................................................................................................. 6
2.1.1 Peripherals .............................................................................................................................. 6
2.1.2 Stress Parameters .................................................................................................................... 7
2.1.3 Models .................................................................................................................................... 8
2.2 Fatigue Test ................................................................................................................................... 8
2.2.1 Vibrations ............................................................................................................................... 8
2.2.2 Monitoring Device: Atmega324p ......................................................................................... 10
2.3 Accelerated life test ..................................................................................................................... 12
3 Methodology ...................................................................................................................................... 13
3.1 Fatigue Tests on PCBs ................................................................................................................ 13
3.1.1 Setting Up the Test ............................................................................................................... 14
3.1.2 Choosing Test Profile ........................................................................................................... 17
3.1.4 Repeating Final Test Profile ................................................................................................. 20
3.1.4 Pre-aging of PCBs in form of TC ......................................................................................... 21
3.2 Real-Time Data Acquisition from ECUs .................................................................................... 22
3.2.1 Test profile ........................................................................................................................... 23
3.2.2 Setting Up the TS Test ......................................................................................................... 23
3.2.3 Performing the TS Test ........................................................................................................ 23
4 Results ................................................................................................................................................ 24
4.1 Results from Fatigue Tests .......................................................................................................... 24
4.1.1 TC on PCBs .......................................................................................................................... 25
4.1.2 Vibrations on PCBs .............................................................................................................. 26
4.2 Results from Real-Time Data Acquisition during TS ................................................................. 31
5 Discussion .......................................................................................................................................... 33
5.1 Fatigue tests ................................................................................................................................. 33
5.1.1 Pre-tests for test profile decision .......................................................................................... 33
5.1.2 Final test profile.................................................................................................................... 33
5.2 Real-Time Data Acquisition from ECU during TS ..................................................................... 34

6 Conclusion and Future Work.............................................................................................................. 35
6.1 Conclusion ................................................................................................................................... 35
6.2 Future Work ................................................................................................................................ 35
Appendix A ........................................................................................................................................... 36
Appendix B ........................................................................................................................................... 42
References ............................................................................................................................................. 49

List of acronyms and abbreviations
CAN - Controller Area Network
ECU - Electronic Control Unit
EDS - Electrodynamic Shaker
LED - Light Emitting Diode
PCB - Printed Circuit Board
PHM - Prognostics and Health Management
PSD - Power Spectral Density
RF - Radio Frequency
RUL - Remaining Useful Life
TC - Thermal Cycling
TS - Thermal Shock
VOR - Vehicle off Road

1 Introduction
”Redan om tre år kan de första förarlösa lastbilarna dyka upp på svenska vägar. Det mesta av
tekniken är redan på plats”, claimed Henrik Henriksson, CEO of Scania CV AB in 2017.1
Translated into English, it means something like: Already in three years could the first
driverless vehicles show up on Swedish roads. Most of the technique is already in place.
Scary or ground-breaking? Probably is everyone feeling a little discomfort by the thought.
Everything new or revolutionary, in terms of way of life, is usually unpleasant for humans.
No less is a driverless vehicle coming towards you. Typical questions that crosses my mind in
such a scenario are: what could be the consequences? Will this adventure my safety? Those
are the questions that need to be answered in order for this change to be accepted into society.
On the other hand, a variety of surveys point out the driver as the main contributing factor for
road accidents.17 Which should mean that removing the driver would make the roads safer.
But, at the same time, it means removing the biggest sensor system as well as the biggest
actuator in the vehicle. Thus, it would put huge demands on the vehicle itself, meaning; every
eye, ear, arm, leg, etc. on the driver would need replacement sensors/actuators in the vehicle.

1.1 Background
Prognostics and health management (PHM), which is well known within the aerospace
industries, is becoming more and more essential for automotive industries every day. The
rapid increase of electronic control units (ECUs) in vehicles is demanding accurate forecasts
on remaining useful life (RUL). Especially, when it comes to autonomous vehicles, since a
failure in such a system would be devastating.
At Scania today, pre-studies within PHM is being employed. It is a long journey, but crucial
for staying competitive on the market. One approach is implementations of, so called,
canaries (components with reduced soldering mass). Canaries in coal mines were used as
indicators of gas leakages. Coal miners were alerted when a canary was behaving irregularly.2,
3
This concept can be implemented into ECUs as well, where interruptions of specific solder
joints on printed circuit boards (PCBs) indicates when something is about to happen. This is
caused by the natural deterioration of electronics, where impacts from operational,
manufacturing, and transportation conditions will impair the components. Then, this needs to
be informed before any interruption has occurred in function-critical components, to prevent,
so called, vehicle off road (VOR), which is prioritized at Scania.
By sending this information to a host computer, computations of different algorithms for
assessing the life length can be performed, where the data is processed using different PHM
approaches for prognostics and diagnostics. This is one of the reasons why big data
acquisition is highly topical, where data is collected from, for example, temperature sensors.
The data will give an intuition of what is necessary for further investigations.

1.2 Problem Statement and Research Objectives
The problems that are stated are methodologies, where PHM approaches are needed as
precursory indicators of failures during operation. There are endless ways to tackle these
kinds of problems. Therefore, in this master thesis project some aspect will be investigated.
PCBs with resistors as components, both canaries (reduced solder joints) and regular solder
joints will be investigated. The PCBs are subjected to both vibration and thermal cycling (TC),
which are common stress parameters generated to vehicles. What is of interest, in such a
scenario where canaries are present, is whether the standard solder joints are more sustained
or not. Another aspect that is highly topical, is the resistance changes, which can be used as
precursory indicators in different states during deterioration of the components. P. Chauhan et
al. have done similar investigations on PCBs with lead soldering. Thus, both lead and leadfree soldering will be investigated for comparison.
14

Thermal shock (TS) tests on ECUs will also be performed where data from the internal
temperature sensor will be logged in real time on an external computer. The data will be
accessed via Scania’s CAN program, where the data is sent continuously via CAN.
Thermocouples in the surrounding will be placed out to see the correlation with the internal
sensor. This is highly topical due to the big data acquisition that is being implemented into
Scania’s system. Real-time data need to be sent from the vehicles in order to handle the
problems in the quickest possible way.

1.3 Delimitations
Since a PHM system is too big to examine in a master thesis project some delimitations need
to be set. Firstly, only one method will be investigated; precursory indicators in form of
canaries, where a direct damage on the object will be indicated, so no forecast on RUL will be
performed. Secondly, the stress parameters will be delimited to vibrations and temperature
cycles, but of course the reality is harder than that. The fatigue tests will have a specific test
profile which cannot include every situation a vehicle experiences.

2 Theory
In this section, the theory behind the practical tasks that are performed in this project will be
explained. There are mainly three parts: PHM, fatigue tests and accelerated life tests. PHM is
the concept for the reliability assessment and will hopefully give the readers an overview of
how the tasks are connected to each other. The fatigue tests of the PCBs are consisting of both
vibration and TC, thus these areas will also be mentioned. The accelerated life tests consist of
TS tests, which will be mentioned briefly.

2.1 PHM
PHM is a term used for life length assessment of electronics. It includes both prognostics and
diagnostics of electronics. The purpose is to go from the static maintenance work, where
personnel are responsible of the reliability of various operating systems, to a dynamic way of
assessing the reliability. This approach will reduce the cost in a variety of areas, since actions
can be taken at right time and resources can be distributed differently.
2.1.1 Peripherals
PHM is not as simple as a formula or electronic circuit, it requires a complete system, and
every system solution is unique. Pecht et al. describe the necessities to implement a sensor
system for PHM purpose4. The following, figure 1, shows an overview of how a process from
sensors to transmission could take place. The sensors will be the interface to reality, where the
input signal will be processed in steps to translate it into the digital world. Signal processing
could be used to process analog signals before they are converted into digital signals. The
next, figure 2, shows a more developed stage, where parameters have to be considered in
order to optimize a specific PHM system. For example, one have to consider whether to have
cables or not, as well as to process data external or on board. Cables always take place but are
more reliable and on board computations can reduce the power consumption significantly.4

Figure 1. The process from sensor input to transmission signal.

Figure 2. The process from sensor input to transmission signal, expanded with details.

2.1.2 Stress Parameters
The parameters that will be measured and processed decide the system’s structure. In turn, the
environment where the system is located will decide what parameters that need to be
measured. When it comes to a vehicle, significant parameters are temperature and vibration,
but pressure as well as humidity could be as important. The following, table 1, presents a few
parameters that are common to be measured.16

Table 1. Common parameters for PHM applications within vehicles.16, 5
Domain

Examples

Thermal

Temperature (ranges, gradients, cycles, ramp rates), heat dissipation,
heat flux

Humidity

Relative humidity, absolute humidity

Mechanical

Pressure, force, stress, strain, shock, vibration

2.1.3 Models
There are traditionally two models for PHM applications: Data-driven and model-based. Data
driven models are developed with statistical patterns and machine learning. On the other hand,
model-based models are developed with physical processes and interconnections between
components.

2.2 Fatigue Test
Fatigue tests are performed to induce damage onto an object until failure. The reason for this
is to get an estimate of its real life length, i.e. when the object will fail during operation. When
it comes to a PCB, fatigue tests in form of vibrations and temperature cycling can be
performed. The components will be damaged during this process and a failure will occur after
a certain time. The levels of stresses/strains as well as the frequency will contribute to the
failure rate.
2.2.1 Vibrations
2.2.1.1 PSD - Power Spectral Density

Power spectral density (PSD) is an analysis method where the energy of a signal is measured
as a spectrum in the frequency domain. In other words, one can see the strength of vibrations,
where higher amplitude corresponds to stronger vibrations. The unit of the vibrations
amplitude is g2/Hz, and not directly intuitive. The unit implies that spectra with different
ranges can be overlaid without matching frequency range.6,7
2.2.1.2 EDS - Electrodynamic Shaker

The working principle of EDS is almost the same as a loudspeaker, but more robust due to
heavier coil windings. What gives rise to vibrations, is the magnetic field induced from coil
windings around the centred core. The current that flows through the coil windings will
generate a varying magnetic field that will create a movement of the mechanical structure.13
The EDS structure and the mechanical model, as well as the electrical model are shown in the
following figures 3 and 4.

Figure 3. The magnetic circuit of a typical EDS.13

Figure 4. Mechanical model and electrical model of an EDS.13
2.2.1.3 Random Signals

Signals can either be deterministic or stochastic. Random signals are stochastic, which means
that they do not follow any repeatable pattern. What produces random signals, can be engines
in a vehicles, or the roughness of roads.8
2.2.1.4 Sinusoidal Signals

Sine waves is the simplest periodic signals. Sine waves are deterministic, they have repeatable
patterns. They can be divided into infinitely many sine waves.18

2.2.1.5 Resonant Frequency

In physics there is something called resonance. Resonance is oscillations in a system caused
by external forces. It appears in specific frequencies, where the relative motion in a specific
object is high. The resonant frequency, also called the natural frequency (fn) is the frequency
where the oscillations is growing in time. Figure 5 below illustrates how it could look on a
PCB.

Figure 5. An illustration of a PCB that is bending, common when a resonance is present.9
At specific frequencies the PCB will bend more, and the amplitude will be at its highest peak
value. As can be seen in the figure, this motion deforms the solder joint, which in turn puts a
lot of stress on it. With time, this phenomenon will damage the object, and when it comes to
solder joints cracks will occur and propagate through the material until complete interruption
of the signal.
2.2.2 Monitoring Device: Atmega324p
The Atmega324p has 40 pins, of which 32 are I/O pins. Pin 14 (RX) and 15 (TX) can be used
for serial communication. If one or both of these pins are assigned, both of them will be
occupied. Meaning, only 30 I/O pins will remain free. The following, figure 6, shows all
functions of the pins.

Figure 6. Description of the pins of the atmega324p microcontroller.11
2.2.2.1 Pin change interrupt

The pinchangeinterrupt-function on the microcontroller works in the way that it senses any
change on the pin, i.e. if the pin goes from high to low or vice versa. This function can
register any interruption. The microcontroller has internal pull-up resistors. Figure 7 below
shows the principle of pull-up resistor, where the input pin only senses a high signal (logical
"1") when the button is open and no current flows through the resistor R1. When the button is
closed the input pin is directly connected to ground (logical "0").

Figure 7. Principal illustration of how pull-up resistors work.10

2.3 Accelerated life test
The life length of electronics today can be quite long (>20 years). In order to determine the
quality of a certain product and see if it fulfils its requirements, fatigue tests need to be
performed. However, the time of the process needs to be shortened, since one wants to imitate
real situations in fastest possible way. Thus, accelerated life tests are commonly used in this
purpose. In that way, one can get an estimate of how good or how long the lifetime of a
product is, by exposing the product to series of extreme test conditions in order to accelerate
failure mechanisms. This test can be categorized into TC or TS tests. They are distinguished
by the ramp rate. TC tests have slower ramp rates, (<20°C/min), compared to TS tests that
typically have >30°C/min ramp rates. Figure 8 shows an illustration of a typical TC cycle.
The cycle time is the time between when a cycle starts at a specific value and ends at the same
value. The ramp rate is the rate of how fast a test goes from the lower dwell temperature to the
upper dwell temperature. The dwell time is the time where the object remains at a given
temperature for a certain time.15

Figure 8. An illustration of a typical thermal cycle.15

3 Methodology
In this section, the practical work that have been carried out during this project will be
explained. There are mainly two tasks that were carried out: (1) fatigue tests on PCBs, where
canaries are present, and (2) real-time data acquisition from ECUs during TS. For the fatigue
tests, a monitoring device, in form of a microcontroller, was implemented to record electrical
interruptions that occurred in the test samples. Also, in order to have additional verification,
LEDs were used to visualize failures of the solder joints. The fatigue tests consisted of both
TC and vibration testing. For the second task, TS tests were performed on an ECU. The data
was sent in real-time via CAN to a laptop. This was done using the a Scania software. This
will be explained in more detail in the upcoming paragraphs.

3.1 Fatigue Tests on PCBs
In the article, “In Situ Interconnect Failure Prediction Using Canaries”, P. Chauhan et al.
investigated canaries.14 The same PCB design was used in this master thesis project to be
investigated. In their case, the PCBs were subjected to TC, where the solder joints were
leaded (Sn-Pb). In our case, the PCBs were subjected to both vibrations and TC, and consisted
of two test samples; one leaded (Sn-Pb) and one lead-free (SAC305). The purpose was to
degrade the solder joints of the resistors assembled on the PCBs. Since lead is prohibited
nowadays, it is of importance to see the difference in endurance, especially if this is to be
implemented into next generation electronics. The PCBs consisted of standard zero ohm
resistors, with regular pads on the joints, as well as pads with only 20% soldering mass
(canaries), see figure 10. Figure 9 shows the PCB that was used during the tests, where one
can see all of the 40 resistors. In this point of view, there are 5 columns with resistors, every
other is with canaries (starting with the first column). This means that there are 24 canaries as
well as 16 regular resistors on the PCB. All of the resistors are connected to a separate
channel, but with a common ground. This means that there are 40 cables connected to the
PCB, for each resistor, and an upper and lower cable connected to a common ground (40 + 2
cables). The resistors were compared during the tests. Since only 30 out of 40 resistors could
be monitored (due to limitation of pins on the microcontroller), all the canaries were chosen
and six randomly selected standard resistors.

Figure 9. PCB with zero ohm resistors integrated, the columns marked with red are canaries
and the columns marked with white are regular resistor. Cabling is soldered to each channel
on the left hand (point of view) edge of the PCB.

Figure 10. Upper one is the canary with 20% soldering mass and lower one is the regular
solder pad with 100% soldering mass.
3.1.1 Setting Up the Test
The cabling soldered to the PCB was connected to the monitoring circuit. The circuit is shown
in figure 11 below. As can be seen, 30 LEDs are connected to the microcontroller. In turn,
each LED is connected to a separate resistor. The two
ground channels from the PCB are connected to same ground as the microcontroller. The
camera (GoPro HERO 5), which had the settings to take snaps in intervals was directed
towards the LEDs, and set to one snap per minute. Since the pins on the microcontroller were
programmed as outputs, they were in high state. Thus, the LEDs were lighting initially, since
it was a closed circuit. The TX-pin on the microcontroller was connected to a laptop, where a
terminal received everything that was sent.

Figure 11. The PCB-cabling connected to a breadboard with 30 LEDs that visualized the
interruptions. The microcontroller marked as red, the LEDs as yellow and the GOPRO camera
as blue.
The microcontroller was running with a CPU clock frequency of 3.6864 MHz. It was
programmed so that any interruption on the PCB was registered and sent to the laptop. The
resistor number and the time of the occurrence was shown on the laptop screen. Since all of
the resistors on the PCB are connected to common ground, only one resistor could be

connected to one separate pin. A more detailed circuit shows how everything is connected in
figure 11 below.

Figure 11. The circuit is just a principal sketch of how everything is connected. The diode in
the circuit visualizes the interruption. When the circuit is closed, i.e. when there is no
interruption, the diode will light. Otherwise, when an interruption occur in a resistor, there
will be an open circuit and the diode will turn off.
The test setup consisted of a vibration table with a fixture (see figure 12 below), which was
designed for holding the PCB in a fixed position. The long sides of the PCB were fixed. One
of the short sides was free (the upper), and the other short side was connected to the
microcontroller. Two accelerometers were placed out, one on the PCB and the other on the
vibration table, for measurements of the relative motion. The vibration table was integrated in
an EDS, which is shown in figure 13.

Figure 12. The fixture holding the PCB, “1” is the accelerometer on the PCB, “2” is the
accelerometer on the vibration table and “3” is showing tape on the part that is in contact with
the PCB.

Figure 13. EDS which was used during the tests.
3.1.2 Choosing Test Profile
To begin with, a sine sweep with the EDS in the range 10-2000 Hz, was performed (see figure
14 below). It was done in order to see the natural frequency, f , or the highest peak of
response. The relative motion was measured for the PCB, with two accelerometers (see figure
12 above). The accelerometer, labeled as “1” in the figure, was placed on different positions
on the PCB in order to see if f differed. The other accelerometer was fixed on the same
position on the vibration table.
n

n

Figure 14. Sine sweeps in the range 10-2000 Hz with and without tape on the fixture. The
highest peaks in both cases are marked.
As can be seen in figure 14, there were two sine sweeps performed. One with tape on the part
of the fixture that was in contact with the upper side of the PCB, to isolate the ground channel
from the fixture (labelled as “3” in figure 13), and one without tape. The response differed
when it was performed without tape (fn = 388,5996 Hz), approximately 60 Hz. However, it
was an insignificant difference for choosing the profile. Several tests were performed with
different input parameters, which are summarized in table 2 below. A. Bansal et al. are
describing a successful approach for fatigue test on PCBs.12 Thus, a similar approach was
chosen, where a sweep within a frequency range of f ±100 Hz was determined as the test
profile. Each PCB was tested until failure, to get an estimate of the time period of the tests
and also the level of the force applied to the PCB.
n

Table 2. Pre-tests with input parameters, performed for choosing test profile.
Test Material
#

Tape

Vibration Freq. Range Input [(gn)2/Hz]
Type
[Hz]

Response RMS
[gn]

1

Lead

YES

Random

280-480

0.2, 0.4, 0.8, 2

missing

2

Lead-free YES

Random

280-480

2

missing

3

Lead-free YES

Random

280-480

4

33.39

4

Lead-free YES

Random

280-480

4

33.39

5

Lead-free NO

Random

280-480

3

28.90

6

Lead-free NO

Random

280-480

1,5

20.45

7

Lead

NO

Random

280-480

1,5

20.45

8

Lead

NO

Random

280-480

0,75

14.46

9

Lead-free NO

Random

280-480

3

28.90

The results were discussed and the final test profile was considered. Figure 15 shows the
response of the final test profile. Both duration and input force was considered for the test to
be as consistent and convenient as possible.

Figure 15. The response of the final test profile, range: 280-480 Hz at the highest force level.

The test profile adopted in the final tests was a random vibration test with a spectrum which
ranged from 280 Hz to 480 Hz, where the highest peak was around 380 Hz. The values of the
input parameters are presented in table 3.
Table 3. Input parameters for the final test.
Tape

Vibration Freq. Range [Hz]
Type

Input [(gn)2/Hz]

Response RMS [gn]

NO

Random

4

33.39

280-480

3.1.4 Repeating Final Test Profile
The fatigue tests were repeated with the final test profile. Four PCBs subjected to TC for
different number of cycles, with both lead and lead-free assemblies, i.e. eight cards in total
were tested. They are presented in the table 4. After considerations, it was decided that the
tests would run two hours for it to be as consistent and convenient as possible. Thus, the test
parameters were set for this purpose. The final test parameters are presented in table 3.

Table 4. PCBs subjected to TC for different number of cycles.
Material

Cycles
#

Lead

0

Lead

100

Lead

200

Lead

300

Lead-free

0

Lead-free

100

Lead-free

200

Lead-free

300

The final tests were performed slightly different from previous tests. The differences are
described below:
1. The test was running a definite time (two hours)
2. The test was paused every 10 minutes for measurements of the resistance in the
components, using a multimeter “FLUKE 175”

3. The PCBs did not have any cabling connected, they were cut off (see figure 16)

Figure 16. PCBs on the vibration table with and without cabling.

3.1.4 Pre-aging of PCBs in form of TC
In parallel with the vibration tests, TC tests were performed on six PCBs. They were placed in
a temperature cabinet, and were monitored (even though any interruption was not expected).
These tests were supposed to pre-age the PCBs. The test profile is shown in figure 17.

Figure 17. The test profile for the TC tests, where the temperature ranged from -20 to 100 °C.
The values for the test profile are summarized in table 5 below.
Table 5. Input parameters for the test profile of the TC tests.
Ramp rate [°C/min]

Temperature Range [°C]

Humidity [%]

3

-20…100

0

These tests were performed on all six PCBs (three leaded and three lead-free). For every
hundred cycle, two PCBs were removed from the cabinet. The resulting cycles on each PCB
are presented in table 4.

3.2 Real-Time Data Acquisition from ECUs
Today, the data is stored on an internal memory on the ECU. The values that are stored
consist of histograms where sequences of the drift data is saved. This information is limited,
in the sense that it is not possible to track temperature changes during a certain period. For
this purpose a real-time acquisition is needed.
Real-time data acquisition from ECUs during TS was performed. The tests were done in a
temperature cabinet, where the ECU was shocked. The internal temperature sensor was then
communicated with. This was done using a CAN program, and cabling that connected the
ECU with a computer. At the same time, five other thermal couples were placed on different
positions inside and outside the ECU. This will be explained in detail further down.

3.2.1 Test profile
All of the tests performed on the ECU’s had similar test profiles. The following parameters
were used as the test profile:
1. Three cycles
2. 30 minutes dwell time
3. -40 to 80 °C as temperature range
This means that there were two sections where one had an ambient of -40 °C and the other an
ambient of 80 °C. Then an elevator inside the cabinet lowered or raised the basket with the
ECU. The dwell time was the time of how long the cage was in each section. One cycle
corresponds to the time in both areas, meaning one cycle is equivalent to one hour (30 min +
30 min). The ECU was active during the whole test, i.e. it generated self-heating.
3.2.2 Setting Up the TS Test
The tests were performed either on a new ECU or an old ECU (which had been in the field for
a certain time). Eight tests were performed totally. Six sensing elements: five thermocouples
in the surrounding of the ECU and one integrated temperature sensor on the PCB inside the
ECU. The placement of the thermocouples were following:
1.
2.
3.
4.
5.

on the upper side of the PCB
on the bottom side of the PCB
inside the ECU (in the air)
on the outside of the bottom of the ECU (facing the fan of the cabinet)
on the outside of the top of the ECU (facing the door of the cabinet)

3.2.3 Performing the TS Test
The ECU was placed in the middle of the cabinet. The temperatures in the surrounding and on
the PCB were monitored with thermocouples and the internal temperature sensor. The internal
temperature sensor’s data was sent via the CAN port to a computer, where the values were
saved in a log file. The values from the thermocouples and the internal sensor were then
compared, in order to see how they correlate.

4 Results
In this section, the results from the practical tasks are presented. There were mainly two tests
performed, the fatigue tests on the PCBs and the tests from the real-time data acquisition
during TS. The results from the fatigue tests include PCBs physical condition (pictures) after
the test, the resistance changes from the measurements (tables and plots) and also the actual
TC cycles that were measured during the tests. The TS tests include temperature changes
(plots) from the internal sensor as well as the thermocouples. Since several tests were
performed (with repeatable pattern), only specific figures/tables will be presented. For more
results, refer to appendix.

4.1 Results from Fatigue Tests
The fatigue tests generated a lot of results. Unfortunately, the microcontroller could not be
used as wanted during the tests, due to the damaged cabling. The resistors were tougher than
the cabling, so to speak. However, the principal worked, i.e. when the cables lost contact, the
laptop-screen was showing which resistor it was and at what time it occurred. Figure 18
shows how it could look with the damaged cabling.

Figure 18. Damaged cabling (marked with red) after fatigue test, where the resistors are still
undamaged.
Figure 19 shows how the LEDs replied when the cables lost contact. As can be seen, some
LEDs are ON and some are OFF. The OFF-LEDs corresponded to the damaged cables.

Figure 19. LEDs in both ON and OFF state after a fatigue test, where cables lost contact.
4.1.1 TC on PCBs
No PCBs were damaged during the TC tests, which was the case for both materials (lead and
lead-free). The cabling as well as the resistors were still soldered to the PCBs. To be on the
safe side, the resistance was measured for each resistor, using multimeter ”FLYKE 175”. All
resistors showed a resistance less than 0.5 Ω, which was the initial value. Figure 20 shows the
actual measured temperatures during the TC tests. The cycles differed from the test profile
that was used.

Figure 20. Actual temperature values in the cabinet during the TC tests.
4.1.2 Vibrations on PCBs
All of the PCBs (both lead and lead-free) with the final test profile were damaged during
vibration testing. The more thermal cycled they were the more damaged. All of them had
missing resistors (except for lead-0 cycles). Figure 21 shows the conditions of all PCBs that
underwent the final test.

Figure 21. Conditions of all PCBs after final test. “1” is lead-0 cycles, “2” is lead-free-0
cycles, ”3” is lead-100 cycles, “4” is lead-free-100 cycles, “5” is lead-200 cycles, “6” is leadfree-200 cycles, ”7” lead-300 cycles and “8” is lead-free-300 cycles.
An intuitive comparison between all tests, for both materials can be seen in table 6 below. The
number of missing resistors, both canaries and regular resistors, after the final tests are
presented.

Table 6. All missing resistors after final test. Both materials.
Material

Cycles
#

Total
resistors
#

Canaries
#

Regular
resistors
#

Lead

0

0

NO

NO

Leadfree

0

6

17, 18, 21, 35, 36, 37

NO

Lead

100

2

18, 22

NO

Leadfree

100

13

3, 4, 5, 17, 19, 21, 35, 36, 37, 38

12, 13, 28

Lead

200

2

17, 34

NO

Leadfree

200

15

3, 4, 5, 6, 17, 18, 19, 20, 21, 22, 34, 35, 36, 37, 39

12, 13

Lead

300

10

5, 6, 7, 17, 19, 22, 24, 34, 36, 37

NO

Leadfree

300

27

1, 2, 3, 4, 5, 6, 7, 8, 17, 18, 19, 20, 21, 22, 23, 24, 33, 34,
35, 36, 37, 38, 39

12, 13, 28, 29

Figure 22 shows the different in missing resistors for increasing TC between lead and leadfree PCBs.

Number of missing resistors

Missing resistors from final tests
30
25
20
15

Lead

10

Lead-free

5
0
0

50

100

150

200

250

300

350

Temp. cycles

Figure 22. Number of missing resistors between lead-free and lead PCBs with increasing TC.
Figure 23 (lead-200 cycles) and figure 24 (lead-free-200 cycles) shows all of the 40 resistors
presented in a table, where one can see how the resistances changes in time. A missing
resistor corresponds to 10 MΩ and a resistor with an interruption (to high resistance to be
measured) corresponds to 5 MΩ. Resistances under 5 MΩ were noted as the actual value. To
see the rest of the plots, refer to appendix.

Figure 23. Resistance changes of all resistors during final test (lead-200 cycles).

Figure 24. Resistance changes of all resistors during final test (lead-free-200 cycles).

4.2 Results from Real-Time Data Acquisition during TS
Figure 25 shows the real-time data acquisition from the internal sensor of the ECU. One can
see how the pattern repeats itself from cycle to cycle. For results from other tests, refer to
appendix.

Figure 25. Temperature changes from internal sensor.
Figure 26 shows the real-time data acquisition from the surrounding thermocouples. There
were five of them placed on different positions. For results from other tests, refer to appendix.

Figure 26. Temperature changes from deployed sensors. “blue” is inside the ECU (air),
“yellow” is top surface, “pink” is bottom surface, “black” is beneath the PCB (inside ECU)
and “red” on the PCB (inside ECU).

5 Discussion
In this section the results that were achieved in this project will be discussed. There were
mainly two tasks performed: (1) fatigue tests on PCBs and (2) real-time data acquisition
during TS.

5.1 Fatigue tests
The fatigue tests on the PCBs generated a lot of results. Initially, the fatigue tests were
performed in form of vibrations. Then several PCB were thermal cycled as well to speed up
the testing. Finally, the thermal cycled PCBs were vibrated in a final test.
5.1.1 Pre-tests for test profile decision
Since the PCB had the ground channel along the long side of the PCB (which was squeezed in
between the fixture parts), tape was put on for isolation. This was to assure that the
monitoring device (microcontroller) did not receive any transient signals. The consequences
of this was that the first PCB (lead) did not fail at all, which was confusing. It was running
over 200 hours with different levels of forces applied.
Later, an equal approach with a lead-free PCB was considered. The lead-free PCB was then
tested with the higher levels of forces. After approximately 120 hours it finally failed, i.e. an
interruption had occurred, and one of the resistors was missing as well. However, a new issue
was observed. The cabling that was soldered to the PCB was damaged, and due to the open
circuit the laptop had registered several failed resistors. The failures were derived to the loose
cables that clapped against the contact surface on the PCB. On the other hand, this gave an
intuition of how an interruption at a resistor could successfully be registered (going from an
open circuit to a closed circuit or vice versa). Since the monitoring cabling was the weak link
in the setup, there was no meaning of having them in the following tests. Thus, they were cut
off and the tape was not needed anymore.
The following tests were performed without tape and cabling, starting from the fifth test in the
order. This resulted in a new natural frequency (f ), approximately 60 Hz less. However, this
was in the range 280-480 Hz (which was decided for the test profile), and thus the test profile
could remain unchanged. Now, an interesting observation was made, after a couple of hours
the PCB was already damaged. Also, one of the resistors was missing. Meaning, the stress
level had increased significantly. And by only listen to the sound produced from the EDS
machine, this test felt different.
These new conditions made the test length shorter which meant that more test could be
performed.
n

5.1.2 Final test profile
The final tests (eight tests), were performed with different aging of the PCBs as well as
different material (lead or lead-free). The results were, more or less, expected. The pre-aging
of the tests had their impacts on the PCBs, meaning the more thermal fatigue they had been to
the more damaged they were, after the vibration tests. However, the results of the leaded
PCBs, 100 and 200 cycles, were not significantly different. Both PCBs had two missing
resistors, but there were more resistance changes on the 200-cycles-PCB. On the other hand,

there were significant differences between the leaded and lead-free PCBs. During the 300cycles-tests, nearly three times as many resistors were missing for the lead-free compared to
the leaded. Also, if one compare the missing resistors, in table 6, for the lead-free-100-cycles
with the lead-300-cycles (both lost ten canaries), no resistors with 100% soldering mass were
lost for the leaded, compared to three for the lead-free.
The pre-aging tests in form of TC did not cause any failure on the resistors. No resistance
changes had appeared after any of the tests, which could mean that the TC was too weak or
too few. But, since the vibration tests damaged the aged PCBs more, the second alternative
seems more truthful.
The PCB had relatively higher motion in the central region compared to the region close to
the fixture. Naturally, this causes higher stresses on the resistors, which resulted in more
missing resistors in that area. If one focuses on the spots from the missing resistors (see figure
20) , one can see a tendency of which row the resistors were missing most at.
As can be seen in figure 23 and 24, there were a lot of 10 MΩ values from the measurements.
Meaning, the failure happened between the pauses. Hence, a lot of resistance changes were
not noted.

5.2 Real-Time Data Acquisition from ECU during TS
The real-time data acquisition generated a lot of data. However, not every attempt to collect
data was successful. Occasionally, the measurements were interrupted, since the settings in
the computer prevented it from running. Hence, parts of data were missing from several tests
(see appendix).
The CAN program that was used had different settings for the resolution of the measurements,
but 1 Hz in this case was suitable and thus set. One could clearly see how the graphs followed
a repeatable pattern, both for the internal sensor data and thermocouples data. However, the
curves in the thermocouples-graph differed slightly. The differences were due to the
placement of the sensors. The thermocouples closest to the PCB inside the ECU reached the
highest temperatures, which seems logical given that the PCB generated self-heating. The
thermocouple that was facing the door reached the lowest temperature, both the
thermocouples facing the fan and the one inside the ECU reached higher temperatures. This
could be due to the placement of the PCB inside the ECU, which were placed closer to the
bottom side. However the internal sensor reached lower temperatures in the cooling phase
than the thermocouples on the PCB. The internal sensor had connection to the metals on the
PCB, while the thermocouple on the PCB was not connected directly to the PCB, due to the
covering layer.

6 Conclusion and Future Work
6.1 Conclusion
In this master thesis project, PHM analyses were made in form of fatigue tests on PCBs with
canaries and real-time data acquisition from ECUs during TS. Two different materials were
compared as soldering on the PCBs to see what demands a transition towards lead-free
electronics would imply. It was clearly shown that the leaded PCBs had higher endurance.
The fatigue tests showed that approach with canaries integrated on PCBs as an indication of
failure could be implemented into ECUs. The canaries were significantly weaker, but
considerations need to be made to assure that the regular resistors are not exposed to
excessive stresses.
The real-time data acquisition showed that it was possible to generate continuous data from
ECUs, where it was logged and could be analysed in the future. Also, it showed that the
placement of sensors are import to generate proper data, since PHM requires high accuracy.

6.2 Future Work
The duration of the TC tests were quite long (~5 days/100 cycles), which is not beneficial
when it comes to fatigue tests. The ramp rate as well as the temperature range could have
accelerated the process if they had been more considered. The vibrations were comparably
faster to generate failure. However, a different cabling have to be considered since these
cables were relatively thick and had a horizontal soldering on the PCB. If the orientation had
been vertical the stresses on the cabling had probably been reduced. C. Han approaching this
issue with preferred means.4
The tests showed that there is an importance of placing the canaries at spots with higher
relative motion. Especially, men it comes to lead-free assemblies, since several regular
resistors were damaged. Thus, PCB designs could be based on the natural frequency (f ),
where canaries are placed on spots exposed to this forces.
n

When it comes to the materials, the leaded PCBs showed much more endurance (which were
expected). However, they were only compared to SAC305, which could mean that there is
other lead-free materials that will respond better to the battle.
Another import thing to be mentioned is that a higher resolution is preferred when doing
measurements of resistance changes, once every 10 minutes made it hard to see the increasing
resistance. And on the aged ones there were roughly no observations of resistance changes.
Also, different approaches of resistance measurements needs to be considered. There is an
approach with radio frequency (RF) impedance analysis, where the resistance will increase
when a crack starts to propagate through the solder joint, due to the smaller passage. The
phenomenon behind this is the skin effect, where most of the alternating current will conduct
at the surface.

Appendix A

Figure 27. Resistance changes of all resistors during final test (lead-free-0 cycles).

Figure 28. Resistance changes of all resistors during final test (lead-0 cycles).

Figure 29. Resistance changes of all resistors during final test (lead-free-100 cycles).

Figure 30. Resistance changes of all resistors during final test (lead-100 cycles).

Figure 31. Resistance changes of all resistors during final test (lead-free-300 cycles).

Figure 32. Resistance changes of all resistors during final test (lead-300 cycles).

Appendix B
Test 1 - old ECU: no surrounding objects

Test 2 - old ECU: no surrounding objects

Test 4 - new ECU: surrounding objects

Test 5 - old ECU: no surrounding objects

Test 6 - new ECU: no surrounding objects

Test 7 - old ECU: no surrounding objects

Test 8 - new ECU: no surrounding objects
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