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(57) ABSTRACT 

To measure the fatigue ageing of an electronic component in 
an electronic assembly Subjected to mechanical excitations, a 
dynamic correspondence is established between kinematic 
measurements at certain points and mechanical stresses expe 
rienced at points that are critical as regards the reliability of 
the electronic assembly, which critical points may different 
from the measurement points. This correspondence is inte 
grated into a monitoring device as a functionality that calcu 
lates the mechanical stresses directly as the value are being 
delivered by the kinematic sensors. The device also performs 
numerical processing of the mechanical stresses, thereby pro 
viding an indicator of the cumulative fatigue damage. The 
invention is such that the device can be incorporated into the 
electronic assembly, it being possible for this device to be 
autonomous both as regards processing the measurements 
and calculating the damage. 
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METHOD OF EVALUATING THE AGENG OF 
AN ELECTRONIC ASSEMBLY 

0001. The invention relates to a method for evaluating the 
ageing condition, called vibration fatigue damage, in any 
electronic system. These may be individual electronic cards 
or an electronic card assembly. The evaluation is based on a 
device that measures and digitally processes physical dimen 
sions relating to the stress that is causing the damage. 
0002 Similar devices currently exist for mechanical parts 
and structures, but they lack certain features that are needed in 
order to be applied to electronic cards. These features are the 
ability to perform real time processing autonomously with the 
full capacity of an incorporated calculation, the damage esti 
mate having no recourse to telemetry or post-processing. 
0003 Telemetry and post-processing of data are currently 
used to monitor aerostructures and works of art, but the cor 
responding devices do not simultaneously respond to the 
criteria of incorporability and autonomy with regard to the 
calculation. 

0004. The invention is based on one or more kinematic 
vibration sensors positioned at specific points, a state 
observer to dynamically evaluate mechanical stresses at criti 
cal points, and a damage calculation at these critical points, 
with all three being integrated into a device that is embedded 
and autonomous in terms of function. The specific measure 
ment points and critical damage calculation points are sepa 
rate or combined, depending on the application. 
0005. The concept of a state observer is defined in the 
fields of automation and information theory. It applies to 
dynamic systems represented by size dimensions. When a 
system state is not accessible to measurement, a dynamic 
model is built to reconstruct the unmeasureable state from 
other accessible size measurements. This dynamic model is 
called a dimension state observer. However, constructing a 
state observer is not always possible, and the ability to con 
struct one is called the observability condition of the dimen 
S1O. 

0006. In this invention, kinematic dimensions (accelera 
tion, Velocity, position, or strain) of specific points on the 
electronic assembly to be monitored are accessible for mea 
Surement using sensors, such as accelerometers. In contrast, 
mechanical stress and even damage states at critical points of 
the electronic assembly are almost always inaccessible for 
measurements, except in a laboratory. A state observer for 
mechanical stress at critical points using measurements of 
one or more kinematic dimensions and specific points can be 
established, subject to observability. The observability of 
mechanical stress depends directly on the specific points 
where the kinematic sensors are placed. In general, it is Suf 
ficient to place the kinematic sensors away from vibration 
nodes or to place them, for example, on the electronic assem 
bly attachment. 
0007. The need to know how to correctly evaluate vibra 
tion damage on embedded electronic cards is more and more 
pronounced. This need relates to a certain number of critical 
points on these electronic cards, to which Submission to 
vibrations is likely to cause a failure in the electronic assem 
bly. For example, critical points to monitor are solder joints 
for certain electronic components. In the case of Such elec 
tronic cards, there are existing monitoring systems included. 
They can be equipped with accelerometers or Strain gauges to 
measure accelerations or strains to which the card is Submit 

Nov. 10, 2011 

ted. However, these sensors can almost never be placed at 
critical points on the card due to the very Small dimensions of 
the components and even the Solder joints. Existing systems 
therefore cannot access data for the mechanical stress on 
these critical points. We can measure the card's general age 
ing condition, but we cannot measure the local fatigue con 
dition of a component, without being able to use a sensor to 
provide information on the stress applied to the component. 
0008 Methods have been proposed by the CALCE (Cen 
ter for Advanced Life Cycle Engineering) laboratory to make 
the connection between measurement and stress at critical 
points. But the major shortcoming of these methods is not 
taking into account the dynamic effects of vibrations. In fact, 
the method proposed by the CALCE ignores the majority of 
methods specific to vibration and relies only on static curva 
ture calculations. 

0009. In contrast, this invention relies on state observa 
tions that reflect dynamic effects associated with forces of 
inertia and methods specific to vibration for the electronic 
assembly. The system proposed by the invention uses kine 
matic measurements much more broadly to evaluate 
mechanical stress at critical points as accurately as possible. 
The multi-axial nature of mechanical stress and the dynamic 
of the electronic assembly are respected. The advantage of 
accurately evaluating these mechanical stresses is to be able 
to much more accurately calculate the damage Suffered by the 
electronic assembly where the critical components are 
located. Using Such a device can improve maintenance fore 
casts because the indication of damage it provides is used to 
anticipate potential failures. The proposed approach can 
apply the principles of monitoring mechanical structures and 
the digital processing of measurements to know the damage 
condition at multiple locations, using an embedded device 
with one or more sensors. 

0010. The device integrating the full method is a small 
embedded electronic monitoring system (PHM for Prognos 
tics and Health Management) with one or more kinematic 
sensors (acceleration, Velocity, position, or strain) and a cal 
culation unit. The monitoring system is designed to estimate 
the damage caused by a potential failure of the electronic 
cards constituting the electronic assembly to be monitored. 
The sensor(s) measure a kinematic dimension at one or 
respectively more points on the electronic assembly to be 
monitored. One of the functions of the monitoring system is 
to evaluate the mechanical stress of vibration, which is the 
source of a potential failure, from the measurement(s) of the 
sensor(s). This function is performed by a state observer that 
can reconstruct the dynamic of the mechanical stress from a 
dynamic model and kinematic measurements. The function 
operates in real time. The point(s) of measurement and the 
point(s) of evaluation for the stress are not necessarily the 
same. Using a state observer requires only a rather limited 
unit computing power, and the full device can then be built 
around a simple microcontroller, for example. Therefore, the 
same method of evaluating fatigue ageing can be used for 
integration in a small embedded device with autonomous 
calculation capacity. 
0011. In practice, the state observer can be achieved, for 
example, by convoluting the acceleration measured with an 
impulse response in mechanical stress. This way, the entire 
requested frequency band is taken into account, thereby 
restoring all dynamic effects. Also, the multi-axial character 
of the mechanical stress is respected once we use an impulse 
response for each of the components of the stress tensor. The 
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state observer may be achieved otherwise than by a convolu 
tion operation, Such as with a differential equation resolution 
or even by using a non-integer derived model (Xavier Moreau 
doctoral thesis, No. 95BOR10512, 1995). 
0012. The damage estimate is based on the mechanical 
stress given by the State observer. For example, the damage 
estimate can be determined by a rainflow count (described in 
the NF-A03-406 standard “Fatigue sous solicitations 
d'amplitude variable, méthode rainflow de comptage des 
cycles”, November 1993, ISSN 0035-3931) and by applying 
the Palmgren-Miner rule. The required computing power for 
these operations is very low, which also allows for integration 
into an embedded device with an autonomous calculation 
capacity. 
0013 The invention therefore relates to a method of evalu 
ating the ageing of an electronic assembly, typically an elec 
tronic card, Subject to vibratory movement, a method in 
which: 
0014 one or more kinematic dimensions are measured, 
Such as acceleration or stress, along with one or more specific 
points subject to vibratory movement, such as the location(s) 
of attachment to one or more holders, 
00.15 a dynamic model is established, relating the kine 
matic dimensions measured and the mechanical stress Suf 
fered at critical points with regard to vibration fatigue, this 
model being called a state observer, 
0016 mechanical stress calculated based on the state 
observer is used to deduce a damage condition for each of the 
critical points, damage conditions characterizing the ageing 
to be determined, 
0017 kinematic measurements, a state observer, and dam 
age state calculations are included in an embedded device 
having an autonomous calculation capacity. 
0018. The invention will be better understood upon read 
ing the following description and studying the figures that 
accompany it. They are presented for illustrative purposes 
only and are not limiting to the invention. The figures show: 
0019 FIG. 1 is a schematic diagram of the method of the 
invention; 
0020 FIG. 2 is a practical example of using the invention; 
and 
0021 FIG. 3 is an example of a state observer with a 
mechanical stress for a brazed joint on a critical electronic 
component, based on an actual case. 
0022 FIG. 1 shows that an electronic assembly, such as an 
electronic card 7, is subject by an environment 6 to mechani 
cal vibrations. According to the invention, the monitoring 
system, and therefore the ageing evaluation, is implemented 
using a system 3 comprising a kinematic sensor 1, a function 
called a state observer 4 that processes the Y signals produced 
by the sensor 1 to return an estimate G of the true mechanical 
stress O on a critical point on the assembly 7, and a function 
5 to calculate the cumulative fatigue damage at this critical 
point of the assembly 7 taking as a variable the results G 
produced by the state observer 4. The state observer 4 is 
capable of simulating the consequences of excitation of the 
environment 6 at a chosen location while the sensor 1 is 
located at another location. 
0023 For example, FIG. 2, the assembly 7 is an electronic 
card equipped with useful components 8 to 10, particularly 
critical components in the sense that their functionality must 
be guaranteed, and therefore monitored, and sensitive in the 
sense that vibrations are likely to cause a failure. The card 7 is 
attached to its holder by attachments such as 11 to 12. Sensors 
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1 to 2, accelerometers here, measure the effects of excitations 
e1 to e2 applied to the attachments 11 to 12. According to the 
invention, with the state observer 4, we can evaluate the 
mechanical stress at the locations on the card 7 where the 
components 8 to 10 are placed. 
0024. To simplify the explanation, note that excitations e1 
to e2 are oriented in the same direction, perpendicular to the 
card 7, but they are not necessarily synchronous. However, it 
would be possible to construct a state observer even if this 
obligation were not satisfied, but the vibrations according to 
the directions in the plane of the card 7 cause strains with 
much less magnitude, which cause less damage to the elec 
tronic components. In principle, it is the holder that vibrates 
and transmits its vibrations to the card by attachments 11 to 
12. In one example, the vibration perpendicular to the card 7 
predominantly leads to tensile? compression stress, or normal 
stress, on the Solderjoints 0 of a critical electronic component 
8 (BGA, Bail Grid Array) which potentially leads to a tensile/ 
compression rupture in this joint and a failure of the electronic 
card 7. In the invention, particularly if the accelerometer is a 
three-dimensional accelerometer, we can calculate the dam 
age resulting from the three directions at all time. 
0025 To simplify the explanation, we will also note that 
the electronic assembly 7 responds linearly to the vibratory 
excitations. This means that any physical dimension relating 
to the vibration behaves additively when several applied 
vibration excitations are Superimposed at different or com 
bined locations. This restriction is not limiting because nearly 
all of the electronic assembles behave as such in practice. 
0026. A state observer for the tensile/compression stress O 
at critical point 0 is achieved for example by a convolution 
operation between the acceleration measurements Y and Y 
from specific points, and impulse responses sets, whose 
determination is specified later. The convolution operation 
achieving the state observer is written as: 

- 

k O 

0027 in being a number of necessary and sufficient points 
to represent impulse responses S and S. k being an integer 
successively representing all of the values from 0 to n-1, T. 
being a sampling time interval of kinematic measurements, 
and noting G(t) the normal stress evaluated at critical point 0 
at the present incident t, Y(t-kt) the k-th last measured value 
of Y following the sampling at time interval T, y(t-kt) the 
k-th last measured value of Y following the sampling at time 
interval T, s(kt) the k-th tabulated value of the impulse 
responses according to the sampling at time intervalt, s(kt) 
the k-th tabulated value of the impulse responses according 
to the sampling at time interval T, and using the well-known 
notation X designating a discrete Summation according to a 
discrete variable whose endpoints are indicated in the sub 
script and superscript of the letter. The variable indicating the 
present time t is itself sampled at time intervalt and therefore 
takes the discrete multiple values oft. The observer presented 
here therefore delivers at each instant t multiple of t an esti 
matet of the true mechanical stress O at critical point 0 whose 
direct measurement is almost always impossible. 
0028 FIG. 3 shows an example of a state observer in the 
form of a convolution taken from the study of an actual 
electronic card. In this example, there is only one vibratory 
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excitation e1 that synchronously applies to all of the card's 
attachment points in the direction perpendicular to the plane 
of the card. This excitation is therefore characterized by a 
number of degrees of freedom equal to 1. A single kinematic 
sensor is necessary and Sufficient to construct a state observer 
for each component of the stress tensor by a critical point, 
subject to observability of the positions respective of the 
sensor, the critical point, and the characteristics of the sensor. 
In the sample in FIG. 3, the kinematic sensor is an acceler 
ometer that measures the acceleration y perpendicular to the 
plane of the card, and the evaluated mechanical stress G is the 
normal stress in a brazed joint on an electronic component of 
BGA type. In this example, the number n of points represent 
ing the impulse response is 512, the time interval is T-0.5 ms 
and therefore the convolution is based on a time range of 
0.256 s. The vibration of the electronic card is taken into 
account for a frequency range from 0Hz to 1000Hz, given the 
sampling time interval T-0.5 ms. In this example taken from 
an actual case, the number of arithmetic operations to be 
performed per second by the calculation unit of the monitor 
ing device (PHM) for the state observer function for critical 
point 0 is 1,024,000 multiplications per second and 1,024,000 
additions per second. The required calculation capacity for 
the state observer function is therefore quite modest, based on 
current electronic architectures. The device completely 
bypasses any post-processing or telemetry, because the cal 
culation technique used provides the result at the cost of a 
limited and rather low number of calculations. 

0029 We can note that the number of sensors required 
must generally be greater than or equal to the number of 
degrees of freedom of excitation. If the sensor number is less, 
the observability condition is generally not verified. This 
highlights the example given in FIG. 2 with two kinematic 
sensors 1 and 2 for two independent vibratory excitations e1 
and e2. 
0030. As previously stated, an example of determining the 
impulse responses S and S is given below for the example in 
FIG. 2. In the following, each dimension with a tilde (-) 
designates the Fourier transform of a time dimension. The 
pulsation, which is the variable for a Fourier transform, is 
denoted by () and is homogenous to the inverse of a time. The 
unit () is usually the radian per second. 
0031. Thus, the function (co) results from the Fourier 
transformation of the function y(t), acceleration delivered by 
the sensor 1. Function (co)results from the Fourier trans 
formation of the function y(t), acceleration delivered by the 
sensor 2. The function è (co) results from the Fourier trans 
formation of the function e(t), excitation applying to the 
attachment 11. The function e(()) results from the Fourier 
transformation of the functione(t), excitation applying to the 
attachment 12. The function so (co) results from the Fourier 
transformation of the function Oo(t) mechanical stress at the 
critical point 0. Note that the Fourier transforms are complex 
Scalar dimensions. 

0032 Four functions H(c)), H(CO), H(CO), H(c)), of 
the pulsation () are each defined as the response of one of the 
measurement points in terms of acceleration, at a pulsation 
unit excitation () at one of the excitation points, all other 
excitations being maintained identically as null. By the lin 
earity specified above, these functions are generally written 
as the ratio of an acceleration on a non-null excitation which 
is the cause, the other excitations being maintained identi 
cally as null. This ratio is independently the excitation applied 
due to the linearity specified above. Explicitly: 
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(co) 
H1(co) = to 1-0 

52(CO) 
H2(co) = ti, e2=0 

0033. The subscript notation e=0 means that the ratio is 
calculated for the excitation e1 applied alone. 

(co) 
H12 (co) = A. e1=0 

52(CO) 
H22 (co) = S. e2=0 

0034. The subscript notation e=0 means that the ratio is 
calculated for the excitation e2 applied alone. 
0035. These four functions are independent of the excita 
tions applied. They can be determined experimentally, for 
example by proceeding Successively through the unit excita 
tions indicated above, by Successively scanning the pulsation 
values (). The finite elements method, a very common and 
recognized calculation technique in the industry, civil engi 
neering, and science, also offers multiple means for determin 
ing these four functions, such as by numerically calculating 
the experimental procedure that can determine these four 
functions. 
0036 Similarly, two functions G(e) and G(()) for pulsa 
tion () are each defined as the response for critical point 0 in 
terms of mechanical stress, at a unit pulsation excitation () at 
one of the excitation points, all other excitations being main 
tained identically null. By linearity, like before: 

Öo(co) 
G1(co) = to 2-0 

do (co) 
G2(a) = -o 

0037. The subscript notation e=0 or e=0 means that the 
ratio is calculated for an excitation applied alone. The two 
functions G1 and G2 can be determined experimentally or by 
the finite element method, as for the four previous functions. 
0038. The Fourier transforms (co) and (co) of the two 
accelerations y(t) and y(t) measured by the sensors 1 and 2 
are written by linearly Superposing the responses to the two 
excitations e1 and e2: 

0039. This scalar system is written in matrix form: 

(C-CO C. 5. (a) T H (co) H-2 (co) 22(a)) 
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0040. The reverse matrix system is written: 

(C-CO H12 (co) (CC) e2(co) H2(co) H-22(co) 52(a)) 

where the Superscript -1 indicates the reverse of the matrix. 
Or, in Scalar system form: 

H22 (co) (co) - H12 (co)5(co) 
H1(co)H22(co) - H2((o) (co) 

0041. The Fourier transform so (co) of the mechanical 
stress O at the critical point 0 is written by linearly Superpos 
ing the responses to the two excitations e and e: 

0042. This expression is then written according to the 
Fourier transforms of the accelerations: 

G1(co) H-22 (co) - G2(co) FH21 (co) 
o(0) = Ho.) Hijri ()* 

-G1 (co)H12 (co) + G2 (Go) H1(co) (co) 
HoHo)-H(o)h(o)? 

0043. We then define the two factors (co), respectively 
(()) in the expression above as two functions S (CD) and 

respectively (co): 

(). Holly it. 11 (co)H22 (co) - H12 (co) F2 (co) 

–G (co)H12 (co) + G2(a))H, (co) 2) HoHo Holio 11 (co)H22 (co) - H12 (co) F2 (co) 

0044. The impulse responses S(t) and S(t) are simply the 
reverse Fourier transforms of s (co) of S(co) respectively. 
Note that s(t) and S(t) are actual scalar dimensions, by their 
physical nature. There is an algebraic reason for the proper 
ties of the Fourier transformation. S(t) and S(t) are the two 
functions that, convoluted respectively with the measure 
ments y(t) and y(t), return the mechanical stress Oo(t) at the 
critical point 0 for the electronic assembly 7: 

0045. The variable u below the integral sign is the dummy 
integration variable. 
0046. A discretized version of this integral equation is the 
expression given above the state observer 6(t). To obtain such 
a discretized version, the integrals are replaced by discrete 
Summations and only the values set S, are used, taken at 
multiple points of the time interval t: 
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- 

k O 

0047 Discretization is valid only with a small enough time 
interval to properly represent the integrals and responses S. 
ands, as FIG. 3 illustrates. 
0048. Of course, in everything above, the denominator 
H(CO)H(CO)-H(c))H, (()) must not be cancelled for any 
pulsation values () in the vibration frequency range. If that 
were the case, the observability condition would not be veri 
fied. It would not be possible to deduce the excitations from 
the kinematic measurements, and it would be necessary to 
position the kinematic sensors differently. 
0049. The calculation above is only one illustration of how 
to develop a state observer for a mechanical stress at a critical 
point. It can immediately be applied to a single sensor or to a 
number of sensors greater than two, always Subject to observ 
ability, therefore subject to the number of measurement pos 
sibilities being at least equal to the number of degrees of 
freedom of the excitations. 

0050. The finite element calculation is based on network 
ing the geometrical structure for the electronic assembly in 
polyhedral elements and on writing mechanical vibration 
equations based on the Galerkin method, also called weak 
formulation. The finite element method is abundantly docu 
mented in applied mathematics and mechanics journals. The 
calculation can be performed with one of the many software 
packages on the market. An overview of this technique is 
available in an article titled, “Durability Modelling of a BGA 
Component under Random Vibration’, presented at the Euro 
SimE Conference in Freiburg-im-Breisgau on Apr. 21-23, 
2008, and available on the website http://ieeexplore.ieee.org/ 
stamp/stamp.jsp?arnumber 4525047&isnumber 4525005. 
0051. The damage calculation 5 can be performed for 
example according to the well-known (NF-A03-406) rain 
flow method when the mechanical stress evaluated by the 
state observer is scalar. In this method, all of the local extrema 
for the mechanical stress are identified, and an algorithm can 
identify the mechanical stress cycles, each cycle being 
defined by one of the local minima and by one of the local 
maxima for the mechanical stress. Each cycle contributes to 
the damage at critical point 0. An example of a cumulative 
damage calculation consists of using the Palmgren-Miner 
hypothesis, according to which the cumulative damage is a 
Scalar dimension incrementing by a value at each cycle that 
depends only on characteristics of the considered cycle, inde 
pendently of the preceding cycles. When the damage expects 
a threshold value, we can consider that a failure at critical 
point 0 has a significant likelihood of occurrence, and the 
monitoring device is then capable of generating an alarm. 
Then, preventative measures can be taken before the consid 
ered failure occurs. 

0052. When the mechanical stress is more generally ten 
sorial, there are several methods. One is presented in the 
“Durability Modelling of a BGA Component under Random 
Vibration' article mentioned above. Otherwise, there are also 
general rainflow methods using tensorial dimensions. Finally, 
we can cite the multi-axial criteria of Dang Van and de Sines. 
See “Mécanique des matériaux solides”. J. Lemaitre, J.-L. 
Chaboche, ISBN 2-10-001397-1. 
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1. A method of evaluating the vibration fatigue ageing of an 
electronic assembly, typically an electronic card, in which 

one or more kinematic dimensions are measured. Such as 
acceleration or stress, along with one or more specific 
points Subject to vibratory movement, such as the loca 
tion(s) of attachment to one or more holders, 

a dynamic model is established, relating the kinematic 
dimensions measured and the mechanical stress Suffered 
at critical points with regard to vibration fatigue, this 
model being called a state observer, 

mechanical stress calculated based on the state observer is 
used to deduce a damage condition for each of the criti 
cal points, damage conditions characterizing the ageing 
to be determined, 

kinematic measurements, a state observer, and damage 
state calculations are included in an embedded device 
having an autonomous calculation capacity. 
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2. A method according to claim 1, characterized in that 
a kinematic sensor is placed at a location on the electronic 

assembly that is neither an attachment of the electronic 
assembly to the holder nor a critical point to be moni 
tored. 

3. A method according to claim 1, characterized in that the 
state observer is determined by calculation according to the 
finite element method. 

4. A method according to any one of claims 1 to 3, charac 
terized in that the sensor(s) are placed at one or more locations 
that allow for observability of the mechanical stress at the 
critical points based on the vibratory analysis of the electronic 
assembly by means of the finite element method. 

5. A method according to any one of claims 1 to 4, charac 
terized in that 

the number of measurement points is greater than or equal 
to the number of degrees of freedom of the excitations. 

c c c c c 


