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This paper presents an initial study on the physical integrity of small power electronic components
mounted on a rotating Printed Circuit Board (PCB) using solder-pin pairs. A practical approach, based
on measured failure stress of the solder-pin pairs, is used to predict the rotational speeds — and corre-
sponding inertial forces — at which components may lose their connection to the PCB. High-speed rota-
tional tests of the PCB are conducted to validate the approach. Results indicate that the method provides
conservative predictions for the failure of inertial loads of the components, ensuring a safety factor in

practical applications.

1 Introduction

As electrically driven machines become increas-
ingly common in engineering applications, the in-
tegration of power electronics on rotating drives
along with their accommodating PCB has a great
potential in various fields. However, this intro-
duces physical design challenges related to the re-
liable operation of power electronics [1] although
the employment of potting materials [2], [3] would
offer a practical solution to reduce the effect of ro-
tation.

When a PCB rotates, inertial forces are generated
on the power electronic components, proportional
to their masses in directions perpendicular to the
rotational axis. These forces create bending mo-
ments at the points where pin-solder pairs are con-
nected to the PCB, leading to high stress levels
and potential operational failures.

This work aims to investigate the durability of small
power electronic components (e.g., capacitors,
transformers) mounted on a rotating PCB and pro-
vide a pre-guide to the designer seeking to model
a safe operation for a rotating PCB with a range of
power electronics. A series of theoretical and ex-
perimental analyses was conducted to assess the
operational integrity of these components under
significant rotation-induced loading.

2 Stress Analysis of a PCB Ex-
posing Inertial Loads

When the PCB rotates at a specified rotational
speed, the inertial loads are generated on the

small electronic components shown in Fig.1.
These loads produce bending moments on the
PCB locations at which the pin-solder couplings
are attached to the PCB. This can result in high
stress levels on the locations where the pin-solder
couplings are attached to the PCB and could lead
to operational failures of the small electronic com-
ponents. This section presents the numerical esti-
mations for these stress levels by conducting static
FEM simulations of the PCB and the influence of
a potting fill that can be placed between the PCB
and the casing to reduce these stress levels. Note
that the static analysis only requires evaluating the
stiffness matrix of a spatially-discretised structure
along with the boundary conditions (including ex-
ternal forces).

2.1

A numerical model of the PCB shown in Fig. 1 in-
cluding the casing and small electronic compo-
nents was obtained by meshing all parts via AN-
SYS [4]. The model involved the standard quad-
ratic element types of the package software, and
the total number of nodes employed in the model
was 375150. The model was fixed by the bottom
inner edges. A constant rotational speed of 125
rad/s was applied to all parts of the model to com-
pute the corresponding inertial forces due to the
rotation included in the FEM model as the external
forces.

Numerical Model



The model was formed by different parts: PCB,
casing, mini board, capacitors, small capacitors,
transformer, pins and solder joints. To simplify the
model, capacitors, small capacitors and transform-
ers were modelled as point masses supposing that
these parts were much stiffer than the other parts.
All parts were considered to be independent from
each other in the model. This meant that each part
had a different stiffness matrix. Therefore, the
global stiffness matrix and the equations of the
static simulations were constructed implementing
an interaction method between the parts. Each
part had also individual material properties in the
model as shown in Table 1.

Capacitors

Small capacitors
Mini board
Transformer

PCB board
Casing

Fig. 1
components in a casing

A PCB geometry with various small electronic

Name Elastic modulus [GPa] | Mass [kg]
Casing 69 5.400
PCB board 21.6 0.250
Mini board 21.6 0.050
Solders — each 315 0.081e-3
Pins — each 110 0.033e-3
Bolts — each 69 0.315e-3 — 0.564e-3
Nuts — each 69 0.053e-3
Small capacitors — each 0.004
Capacitors — each 0.031
Transformer 0.030

Table 1 Material properties used for each part of the
PCB model

2.2 Experimental Characterisation of a
Typical Potting Compound

The elastic modulus of a typical potting material for
filling the cavities between the PCB and the casing
was experimentally studied in this section to report
potential changes in the elastic modulus of the pot-
ting material with different conditions. The material
was a flame retardant thermally conductive epoxy
resin. This study can show the reliable operating
conditions of the potting material considered to
use and indicate the specifications of a reliable
potting material required.

Fig. 2 demonstrates the DMA machine (the com-
pression mode was used) used to measure the
elastic modulus of the potting material. Under the
specified dynamic amplitude, temperature and fre-
quency, the DMA machine measures the complex

stiffness of a cylindrical sample (k*) produced from
the material whose properties are aimed to be de-
termined. The details about both how the complex
stiffness of a sample is obtained and how samples
are placed in the machine can be found in the
user-manual of the machine [5].

Fig. 2 Pictures of the modulus testing: (a) DMA ma-
chine used, (b) a cylindrical sample before testing, (c) a
cylindrical sample after testing

The elastic modulus is determined from the com-
plex stiffness of the sample tested by using the
length (L) and cross-section area (A) of the cylin-
drical sample as shown below.

E =real(k*)L/A 1)
For the testing, three cylindrical samples (see Fig.
2b for an example) were prepared by applying the
mixing and curing processes provided on the ma-
terial datasheet. To ensure the reliability, the sam-
ples was left to cure for three days (more than the
48 hours suggested on the sheet) before testing.
The dimensions and weights of these samples are
listed in Table 2.

Each sample was tested by applying a pre-com-
pression (0.1% static strain) to limit the free mo-
tions of the samples. There were three main meas-
urement types that were followed for a sample in
the testing procedure. The first one was to study
the modulus of a sample for varying dynamic strain
at a specific frequency whilst the temperature was
approximately kept the same. In the second meas-
urement type, the modulus of a sample was tested
for a range of frequency by providing both the
same dynamic strain and approximately the same
temperature. In the last investigation, the modulus



of a sample was tested by changing the tempera-
ture of the sample using an environmental cham-
ber around the sample placed.

Property Sam- Sam- Sam-
ple 1 ple 2 ple 3

Diameter [mm)] 8.50 8.50 8.50

Length [mm] 21.10 22.30 19.25

Weight [g] 1.39 1.47 1.27

Density [kg/m?] 11609 | 1161.6 | 1162.6
3 8 4

Table 2 Dimensions and weights of the samples
tested

The measurements of each sample are set out in
Fig. 3. The results show that the elastic modulus
is consistently just below 1 GPa for 10 Hz and 20
Hz excitation, and it is nearly insensitive to the dy-
namic strain amplitude. Fig. 3b demonstrates that
an increase in the frequency results in higher elas-
tic modulus — from just above 100 MPa to just
above 1 GPa for an increase from 1 Hz to 100 Hz.
The elastic modulus of this potting material signif-
icantly changes with the temperature as shown in
Fig. 3c. It is just below 1 GPa for a room tempera-
ture and sharply decreases to about 0.1 MPa at
80°.
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Fig. 3 Elastic modulus of the epoxy material
tested as a function of: (a) dynamic strain, (b) fre-
quency, and (c) temperature

2.3 PCB Stress Results

The stress fields of the PCB that was obtained by
running a static simulation of the FEM model is
presented Fig. 4.
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Fig.4 Resulting stress fields in PCB

Without a potting compound, the maximum stress
observed in the solution is about 110 MPa around
a bolt hole whilst the average across the PCB is
10.6 MPa. The typical solution for reducing the
maximum and overall stress levels of a PCB is the
deployment of a potting compound that fills the
cavities between the PCB and the casing. To eval-
uate the effect of a potting compound-fill on the
PCB, the PCB model was simulated by adding two
layers of potting compound to the model. The den-
sity of the potting compound used was set to the
average of those shown in Table 2. The elastic
modulus ranged between 1 MPa and 10 GPa for a
comprehensive investigation and, the Poisson’s
ratio was selected as 0.41 in the simulations. The
stress field of the PCB with the potting compound
which has 400 MPa elastic modulus is also shown
in Fig. 4 for comparison. It clearly indicates the re-
duction in the stress levels across the PCB.

To quantify the level of this stress reduction, the
relative changes in the maximum and average
stresses are demonstrated in Fig. 5 as a function
of the elastic modulus of the potting compound. It
shows that both maximum and average stress of
the PCB are higher than the case without potting
case for very low elastic modulus values — see 1
MPa results in the figure. These stress levels de-
crease with increasing elastic modulus. The re-
ductions reach 50%-60% with 100 MPa elastic
modulus. The results indicate that the reductions
in the maximum and average stresses does not
considerably change for an elastic modulus larger



than 100 MPa. This can be related to the elastic
modulus of the PCB. As a general conclusion, it
can be said that if the use of a potting compound
is planned, the selection of the potting compound
material should be performed considering the sen-
sitivity of its modulus to operating conditions.
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Fig. 5 Changes in the maximum and average

stress across the PCB with the elastic modulus of
the potting compound used

The stress analysis conducted shows that the high
stress occurs around the locations where the bolts
and the pin-solder coupling are connected to the
PCB. Since the bolts and casing typically have a
much higher load capacity than the pin-solder cou-
plings, potential failures are more likely to occur in
the pin-solder connections, indicating a need for a
detailed investigation.

3 Estimating Failure Inertial Load

The high stress localisation observed in PCB re-
sults from the bending force acting on each pin by
the rotating small electronic components. Thus,
based on the bending behaviour of pins, this sec-
tion presents a simple prediction methodology for
the maximum inertial load that a small electronic
component can be exposed before one of its pins
loses physical integrity with the PCB.

3.1 Determination of the Pin Tensile Fail-
ure Load

To predict the maximum inertial loads under which
small electronic components can safely operate,
the first step is to determine the tensile failure load
of the pins. To determine the tensile failure load of
pin-solder pairs on the PCB, a pull test was con-
ducted on a series of samples, as shown in Fig. 6.
One end of a pin is connected to the electronic

component and the other end of the pin is attached
to the PCB by soldering them to each other.

Indicates solder failure,
note that the others are
the failure on pin

Tensile loading

3

0.Tn s
Hi*160.0 fo-150.0

. )
N E——

1

Pin

—

L |

»\‘

e g

Maximum faiulure load [N]

Solder ~ PCB — clamped

0 10 20 30
Test No [-]

Fig. 6 Testing of tensile failure load for the con-
nection between solder-pin pairs and PCB

The typical diameter of the pins used in the meas-
urements was 0.8 mm. Note that this is one of the
most commonly used pin diameters for PCB con-
nections. The material of pins and solders were a
copper alloy whose yield stress and UTS were
about 250 MPa and 400 MPa respectively accord-
ing to the typical properties given in technical
datasheets. An IMADA mechanical force-displace-
ment machine with a built-in force transducer (hav-
ing 500 N limit) was used for the measurements.
The largest force observed in each force-displace-
ment measurement was identified as the failure
tensile load.

Two distinct failure mechanisms were observed:
pin breakage and the disintegration of the pin-sol-
der pair caused by the pin tip slipping from its sol-
dered connection. The minimum and maximum
stresses at the failure loads were found to be
about 100 MPa and 200 MPa. The highest stress
observed was smaller than the corresponding
UTS and yield stress of the material used. This
showed that there was either a weakness in both
pin-capacitor and pin-solder connections or stress
concentration on the body of pins as a result of ge-
ometric inconsistencies.

3.2 Prediction of the Pin Bending Failure
Load

Using the results of the tensile testing, the bending
behaviour of pins due to the rotation-based inertial
loads of small electronic components can be esti-
mated. This can generate a design guide for the
safe operation of small electronic components
while the PCB rotates at a constant speed.

Supposing that the radial deformations of the PCB
are small compared to the bending deflections of
the electronic components, a simple model can be
considered as shown in Fig. 7. This model simu-
lates a single pin as a cantilever beam with one
end fixed to the PCB and subjected to a transverse
inertial force at the tip due to rotation.



Pin connection with
the rotating PCB — 100
assumed to be fixed

~ Pin fs‘ 60

A small electronic
component, e.g., = =l
capacitor

Inertial bending
force because of
the PCB rotation

Fig. 7 Failure inertial load model for a pin and
failure force behaviour as a function of pin length

Assuming that the pin is under pure bending, the
maximum bending force that the pin can carry is:

quz:xjdjng :(F ‘tensile,failure / 4}in,ﬁiilure)1pin / (Lpindpin / 2) (2)
where Fiensike failure 1S the tensile failure force of the
pin obtained in the tensile tests, Atensile,filure IS the
cross-section area of the pin failed in the tensile
tests, loin is the second moment of the cross-sec-
tion area of the pin that carries the electronic com-
ponent, Ly, is the effective length of the pin that
carries the electronic component, dyin is the diam-
eter of the pin that carries the electronic compo-
nent.

The bending failure load of a pin is shown in Fig.7
as a function of the effective pin length considering
0.8 mm pin diameter. This indicates that the pin
bending failure load significantly increases if the
effective pin length decreases. The mean, mini-
mum and maximum tensile failure loads obtained
in the tensile tests are considered when creating
the graph to show the potential effect of changes
because of the uncertainty in the measurement of
the tensile failure load. It is apparent from the fig-
ure that this uncertainty is less important than the
effective pin length.

It is clear that Equation 2 determines the limiting
bending force for a pin. When the PCB rotates at
a constant speed of wecg, the bending force acting
on one of the pins that carry a small electronic
component considered can be calculated as:

Foending = Meomy Wpep’T, . ! Py (3)
where Meomponent IS the mass of the small electronic
component considered (e.g., a capacitor), reomponent
is the distance of the small electronic component
to the rotating axis, Ncomponent is the number of the
pins that is used to carry the small electronic com-
ponent.

4 Experimental Testing of PCB at
High Rotational Speeds and
Validation of the Prediction
Method

As shown in Fig. 8, a PCB (as a half of an annular
disk) with a range of small electronic components
attached on it was used for the integrity tests of
small electronic components whilst the PCB was
subjected to various rotational speeds. It should be

noted that two half disks were produced for the
tests to provide a balanced system on the rotating
shaft connected to the rotating machine. As can be
seen in Fig. 8, these two half PCBs were attached
to an aluminum disk. The aluminum disk was fixed
to the steel shaft. The shaft (connected to the ro-
tating machine) provided the rotational speed
aimed to the PCBs. The mass of the aluminum
disk was 0.5 kg and the mass of the rotating shaft
was 1 kg. The mass of a PCB (without small elec-
tronic components) was 0.28 kg.
PCB with small power electronic components
Small capacitors

Transformers 1,2 Capacitors

Transformer 3

- '; ; "i\ s 0 ’
Fig.8 Tested PCB and test rig for the rotational
testing

Transformers, capacitors and small capacitors
were the small electronic components for this in-
vestigation. The properties of these components
can be found in Table 3. These were used to cal-
culate the inertial force on a pin that carries a com-
ponent.

" %

Distance between
component
bottom to PCB
[mm]

Number of pins .

used to connect .
diameter

component to [1m)]

PCB[-]

Component
distance to rotating
centre [mm]

Effective pin
length [mm]

Component

Component
P mass [g]

Capacitors 31 75 6 08 0.5 03
Small capacitors 4.3 60 2 0.6 04 02
Transformer 1.2 30 35 10 08 5 04
Transformer 3 30 70 10 0.8 5 0.4

Table 3 Properties of some small electronic com-
ponents attached to the PCB

As shown in Fig. 8, the PCB assembly was at-
tached to the rotating machine. The rotational
speed of the PCB was controlled by a laser probe
pointed onto the aluminum disk surface. During



the tests, the integrity of small electronic compo-
nents was checked by both simple electrical prop-
erty checks conducted regularly (by dividing the
whole testing to several batches) and observing
the real-time accelerometer signal located on the
rotating machine bearing.

During the tests, no electrical capability failure was
detected in the components tested. The physical
failures of a capacitor and a transformer (they flew
away from the PCB and created a spike in the ac-
celeration signal observed) were encountered in
the tests. These failures are shown in Fig. 9.

Failed capacitor location

Failed transformer location

Fig.9 Failed components
The failure load results and corresponding predic-
tions are shown in Fig. 10.

Prediction Experiment

Small capacitor pin failure

Capacitors Capacitor
——Small capacitors |failure W~

Transformers 1,2 %
Transfomner 3

——Capacitor

——Small capacitor
Transfommer 1,2
Transformer 3

Inertial load on a pin [g]

Inertial load on a pin [g]
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©
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Rotational speed [rpm]
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Rotational speed [rpm]
Fig. 10 Comparison of predicted and measured
failure inertial loads

The failure of the capacitor was at 3250 rpm at
which one of its pins was under 1400g of inertial
load. The location of the failed capacitor can be
seen from Fig. 9. For the failure of another small
electronic component, the PCB needed to rotate
at higher speeds than 3250 rpm. To provide a bal-
anced structure for these tests, the other capaci-
tors were removed from the PCB.

The failure speed of the transformer was found to
be 4100 rpm at which one of its pins was under
12909 of inertial load. The location of the failed
transformer can also be seen from Fig. 9. Note that
the tests were terminated at this point as the speed
was too much to continue. Therefore, it is clear
that the failure of small capacitors is larger than
4100 rpm.

By using the methodology outlined in this paper,
the pin failure load was predicted. It was assumed
in the prediction method that the pin failure causes
the loss of overall component integrity interested.
The average tensile failure stress of the pins
measured (152 MPa) was used in the failure pre-
dictions. To calculate the failure inertial load pre-
dictions, the effective pin length estimation is im-
portant as it significantly affects the predictions.
Table 3 shows the effective pin lengths estimated
for each small electronic component. These esti-
mations were obtained by removing the pin length
covered by solder or any other physical residuals
around the pins from the distance measured be-
tween the component interested and the PCB sur-
face.

A comparison of predicted and measured failure
loads shown in Fig. 10 indicates that the predicted
failure speeds and inertial loads are nearly 50%
lower than those measured in the tests. Thus, it is
apparent that the prediction method presented in
this paper provides a conservative estimation of
the failures (with about a safety factor of 2). This
difference can arise from several causes. Major
reasons are listed below:

)] uncertainty and error in estimating the
effective pin length,

1)} stress concentration on the pins used
in the pin tensile strength measure-
ments,

1)) errors in the measurement of pin and
component properties.

5 Conclusions

71 When the PCB is operational (rotating at a con-
stant speed), the PCB regions, where pins and
bolts are attached to the PCB, have been found
the most critical in terms of stress due to rotational-
induced inertial loads.

"1 Observed stress levels on the PCB can be re-
duced about 60% by using a sufficient potting
compound (whose elastic modulus should be at
least 100 MPa) filled across both sides of the PCB.

O As the temperature is an important parameter
for the operation of the electronic components on
the PCB, the selection of the potting material
should be conducted carefully by determining its
modulus characteristic depending on various op-
erational conditions via controlled experiments
(such as DMA used in this deliverable report).

[ Controlled rotational experiments of the PCB
(without any potting compound) has shown that
the physical failure of all electronical components



can be encountered at inertial loads larger than
1000g.

[0 The pin failure prediction method presented in
this deliverable report has provided conservative
predictions for the electronical components inves-
tigated in the controlled rotational experiments.
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