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Abstract

The topic of this work is instrumentation of crash testing for automobiles. The AZT test
is performed with an o�set barrier which causes the test vehicle to rotate slightly. If this
rotation can be estimated, a better conformity with simulations can be obtained and im-
provement of the bumper system design will be easier.

The principles of di�erent types of accelerometers are explained. Important considera-
tions when choosing and mounting new accelerometers are introduced and recommendations
made. The best accelerometer in a crash test scenario is found to be the piezoelectric ac-
celerometer.

It became clear that the vibrations in the test vehicle during impact contaminate the
acceleration readings. This renders the measurements useless with respect to estimation
of the angular displacement. The vibrations measured had an amplitude larger than the
accelerometers measurement range, and a frequency close to, or even larger than, their
frequency range. This will introduce a bias error in the measurements.

Two solutions to the angular displacement are proposed. The �rst uses a Kalman �lter
to estimate the rotation, while the second uses two range �nders to calculate it. The Kalman
�lter requires accelerometer measurements to function, and will not do so properly unless the
vibrations can be �ltered out or the accelerometers are swaped with new ones with higher
frequency and measurement range. Except from the accelerometers, the sensors used in the
crash tests perform satisfactory. The range �nder solution, requires the purchase of new
hardware, but seems to be a promising solution. It is found that the angular displacement
has no direct e�ect on the force/displacemen plots.





Chapter 1

Introduction

Hydro Aluminium Structures at Raufoss develops crash-boxes and bumpers in aluminium
for the automobile industry. The objective is to produce a low-cost, lightweight design that
absorbs as much energy as possible. Maximum absorption is obtained through design and
choice of aluminium alloy.

The bumper systems of today need to ful�ll several security requirements from both the
government and the insurance industry. The requirements from the government deals mainly
with security issues, while the insurance industry is interested in the degree of damage on
the car and the repair costs as well. Since low-speed collisions make up a signi�cant part
of the total number of collisions, it is interesting to look at these in particular. Low-speed
collisions are de�ned as collisions with an impact-speed of 15 km/h or less.

How well the bumper system performs in a test, will be of interest to the insurance
companies which partially base the insurance premium on crash tests. For this reason, the
car manufacturers require that the tests are performed with a small degree of uncertainty.
Consequently it is important that all of the forces are measured and that the correct in-
struments are used to do this. When this is done, it becomes easier to improve the bumper
system design in order to accommodate the requirements of the insurance companies and
car manufacturers.

1.1 This thesis
The objective with this thesis is to determine what the best equipment for crash test analysis
is, and how to process the information in order to obtain the desired information.

The bumper system is �rst and foremost designed to absorb energy in the direction of
motion. In the AZT tests, described in section 4.3.1, the test vehicle will rotate slightly due
to the o�set barrier and introduce forces perpendicular to the direction of motion. Because
of these forces, the bumper system, and the crash boxes in particular, may behave in a
di�erent way than expected. The result can be that they don't fold the way it were intended
to, and absorb less energy than they would in the case of a homogenous force distribution. If
the sideways forces are mapped, it may be easier to get a better conformity with simulation
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results and improve the bumper system design.
There are some solutions on the market today to �nd the rotation angle. One of them

uses a grid on the �oor and a camera mounted above the barrier. It then computes the
rotation angle using image processing. This solution, however, is very expensive and requires
a very clean test facility. Another solution is to simply use a protractor. The problem with
the protractor, is that it only gives information about the �nal rotation angle. When the
rotation takes place, may be of as much importance as how large it is, and that information
is unavailable when a protractor is used. Since there are no satisfactory solutions on the
market today, or they are to expensive an unpractical, this problem must be addressed.

1.2 Outline of the report
Chapter 1: Introduction

A short introduction to the thesis is given along with the motivation for doing it. An outline
of the thesis is given as well.

Chapter 2: Accelerometer

The principles of accelerometers are described together with the mode of operation of dif-
ferent types of accelerometers. Important considerations when choosing and mounting an
accelerometer are also given. Finally, there is a comparison of the types of accelerometers,
and an appropriate accelerometer for crash testing is recommended.

Chapter 3: Theoretical background

In this chapter the theoretical background is given. This includes, among other things,
impact and energy absorption theory, mathematical modeling and Kalman �lter theory.

Chapter 4: The Crash Test Lane

In this chapter a brief introduction to the test facility and the instruments there is given.
Di�erent test procedures are described as well.

Chapter 5: Analysis

The di�erent sensors' outputs during the crash test are analyzed and commented on.

Chapter 6: Implementation of possible improvements

The problems with the current implementation are identi�ed and possible solutions sug-
gested.
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Chapter 7: Results and discussion
In this chapter the results of the solutions proposed in the previous chapter is presented and
discussed.

Chapter 8: Conclusions and recommendations
The results are summarized and suggestions for future work are made.



Chapter 2

Accelerometer

There are several types of accelerometers with a variety of areas of application. In order
to choose the correct accelerometer for the intended application, some considerations must
be made. In this chapter, these considerations are pointed out. An introduction to the
principles of the accelerometer and the most common accelerometer-designs are also given.

2.1 Principles
There are several di�erent methods which can be used to measure acceleration, but in the
industrial world the most common design uses a combination of Newton's law of mass and
acceleration, and Hooke's law of spring action (Johnson 1997). Newton's law of mass and
acceleration is given as

F = m · a (2.1)
and Hooke's law of spring action is

F = k ·∆x (2.2)
where k is the spring constant and ∆x is the distance from equilibrium. If Equation (2.1)
and Equation (2.2) are combined, the measurement of acceleration is reduced to measuring
the spring extension.

a =
k

m
∆x (2.3)

The mass m that converts the acceleration to spring displacement is referred to as seismic
mass.

A spring-mass system will always exhibit oscillations at some characteristic natural fre-
quency(Johnson 1997). This natural frequency is given by

fN =
1

2π

√
k

m
(2.4)

Because of friction, the seismic mass will eventually come to rest. This friction is referred to
as the damping coe�cient. The friction and the oscillation gives a periodic damped signal
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Figure 2.1: Transient response of a spring-mass system caused by an impulse input.

referred to as a transient response. The transient response has the equation

xT (t) = x0e
−µt sin(2πfN t) (2.5)

where xT is the transient mass position, x0 is the peak position, µ is the damping coe�cient
and fN is the natural frequency. An example of a transient response is given in �gure 2.1.

If a constant vibration is applied to the object at which the spring-mass system is mounted,
it will result in an acceleration of this object described by the equation

a(t) = −ω2x0 sin(ωt) (2.6)

where ω = 2πf and f is the applied vibration. Equation (2.6) is found by double di�erenti-
ation of the equation for a simple periodic motion given by

x(t) = x0 sin(ωt) (2.7)
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Combining Equation (2.6) with Equation (2.3) yields

∆x = −mx0

k
ω2 sin(ωt) (2.8)

It is important to notice that this equation is not valid when the applied frequency, f , is close
to the natural frequency, fN . When this is the case, there is a resonance e�ect which makes
the mass displacement, ∆x peak. For Equation (2.8) to be valid, the applied frequency has
to be f < 1

2.5
fN . When the applied frequency is much larger than the natural frequency, the

accelerometer is independent of the applied frequency and becomes measure of the vibration
displacement, x0, instead. In this case, the seismic mass is stationary while the housing
moves about the mass. Generally, this is said to yield when f > 2.5 fN .

2.2 Considerations when choosing an accelerometer
When choosing an accelerometer, several considerations must be taken into account. In
this section a brief overview and explanation of the di�erent speci�cations will be given.
Thompson (2000) is used as reference and also contains some additional information and
examples.

Amplitude range
Select an accelerometer which is capable of re�ecting the expected acceleration levels in its
output. Furthermore, to be able to measure unexpectedly large accelerations, the expected
acceleration levels should be within the lower 20% of the accelerometer's response range.

Shock limits
The shock limits explains how many g's of shock the accelerometer can withstand. Shocks
that are much higher than the accelerometer is built for, can easily damage it and render it
useless. It is important to treat the accelerometer very carefully since even a 5 cm drop onto
a benchtop easily can create a spike of 2000 g.

Temperature range
Every accelerometer has an operating temperature, and it is important to make sure that it
never is exposed to temperatures greater or lower than this. If so happens, the accelerom-
eter can easily be damaged. Accelerometers can operate in temperatures up to 500◦C, but
normally the maximum operating temperature will be just under 300◦C.

Base strain sensitivity
If the accelerometer is mounted on a concave surface, the base of the accelerometer is strained.
This can alter its sensitivity. If the accelerometer is to be mounted on an uneven surface, it
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would be a good idea to weld �at mounting-pads on the surface to avoid base strain. The
mounting-pads should not alter the mechanical properties of the object it is welded onto
signi�cantly.

Transverse sensitivity

To achieve the speci�ed accuracy, it is important that the accelerometer's axis is aligned
perfectly with the direction of the acceleration that should be measured. If the accelerometer
isn't perfectly aligned, it will produce errors when subject to lateral acceleration.

Frequency range

Every accelerometer has a frequency range in which it operates. If this range is exceeded,
the accelerometer will give a faulty output and may be damaged. The frequency-response
limits should be handled in the same manner as the amplitude limits described earlier,
i.e. they should not be "overcrowded". Thompson (2000) suggests using only 20% of the
accelerometer's response curve.

2.3 Accelerometer mounting considerations
In this section, a few important considerations when mounting the accelerometers are listed.
It is largely based on information found in PCB Piezotronics (2005).

Frequency response

The mounting technique has a considerable e�ect on an accelerometer's accuracy of the usable
frequency response. A direct coupling, stud mounted to a smooth surface, will generally
give the broadest usable frequency range, i.e. it yields the highest mechanical resonant
frequency. The addition of any mass to the accelerometer, such as adhesive or magnetic
mounting base described later, lowers the usable frequency range and may a�ect the accuracy
of the accelerometer. Compliant materials, such as a rubber interface pad, can also create a
mechanical �ltering e�ect which damps high-frequency signals.

Surface preparation

A smooth and �at machined surface where the accelerometer can be attached is very impor-
tant when measuring at high frequencies. This will give good high-frequency transmissibility.
A thin layer of silicon grease between the base and the mounting surface will give an even
higher degree of intimate surface contact.
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Stud mounting
For permanent installations stud mounting is recommended. First, the surface is prepared
and a hole is drilled. Then the accelerometer with the mounting stud is installed. Silicone
grease should be used to ensure high-frequency transmissibility.

Screw mounting
Screw mounting can be an acceptable way to secure an accelerometer when it is mounted on
a thin-walled structure. However, the screw engagement length should always be checked to
ensure that the screw doesn't bottom into the accelerometer base. Also in this case, silicone
grease can be used to ensure high-frequency transmissibility.

Adhesive mounting
Adhesive mounting o�ers an alternative mounting method. It is recommended that a sepa-
rate adhesive mounting base is used to prevent the adhesive from damaging the accelerom-
eter. There are many di�erent types of adhesives that can be used, based on the particular
application. Dental cement, hot glues, instant glues and duct putty are examples on adhe-
sives that have been used with success. This mounting method will tend to somewhat damp
the higher frequency and lower the frequency response.

Magnetic mounting
Magnetic mounting bases can be used as a convenient, temporary attachment method to
magnetic surfaces. When the surface is uneven or non-magnetic, steel pads can be welded
in place. Magnets with high pull strength will o�er the best high-frequency response. A
layer of silicone grease between the accelerometer base and the magnetic mounting base will
improve the high-frequency response further.

Cables and connections
If the cables aren't securely fastened, a phenomenon called triboelectric e�ect may occur.
This is when cable whip introduces noise, especially in high-impedance signal paths. To
avoid this, cables should be securely fastened with tape, a clamp, or some other adhesive.
Securing the cables will also help minimizing connector strain which can lead to intermittent
or broken connections and loss of data.

2.4 Capacitive accelerometer
The capacitive accelerometer is based upon the fact that the capacitance between two plates
depends on the distance between them. The seismic mass is formed in such a way that it
becomes the middle plate of three, which the capacitance is measured between. When subject
to a load, the middle plate will shift either one way or the other. The distance it shifts can
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be calculated by measuring the two capacitance values on each side of the middle plate. The
capacitive accelerometer o�ers true static-load response, also called DC response. This means
that the accelerometer can measure constant acceleration as well as dynamic acceleration.
As will be seen later in this chapter, the piezoresistive and piezoelectric accelerometers lacks
this ability. Capacitive accelerometers can be made very small, and are very versatile. They
operate well at almost every frequency except at very high frequencies.

2.5 MEMS accelerometer
Microelectromechanical system (MEMS) sensors have micromachined silicon mechanical
components and integrated support electronics. Earlier versions of MEMS sensors used
resistive elements, but in today's sensors, capacitive sensors are used. The use of capacitive
sensors instead of resistive elements, allows the accelerometers to be very small and the
MEMS accelerometer will give true static-load response as well. Typical areas of application
for the MEMS sensors are widespread, including camcorders and digital cameras, advanced
robotics, sensing for airbag control and active suspension.

The basic MEMS accelerometer consists of two parts: the sensor chip and the integrated
electronics. The sensor chip is basically a micromachined capacitive accelerometer. Because
the sensor chip only gives a very small capacitance reading (about 0.15 pF), the integrated
electronics are needed to convert this small signal into a useful electrical signal. The inte-
grated electronics can be constructed to produce either an analog or a digital output. In the
digital case, the integrated electronics generate a pulse stream whose pulse density is propor-
tional to the acceleration. The analog integrated electronics solution generates a di�erential
voltage output proportional to the acceleration.

2.6 Piezoresistive accelerometer
The piezoresistive accelerometers use a piezoresistive material to measure the acceleration.
A piezoresistive material reacts to a change in acceleration by changing its resistance. This
change can be measured by using an input voltage on the accelerometer and measuring the
current which will be proportional to the acceleration. A basic sketch of a piezoresistive
accelerometer is given in �gure 2.2. In this �gure the beam acts as seismic mass.

2.7 Piezoelectric accelerometer
The piezoelectric e�ect was discovered in 1880 by Pierre and Jacques Curie. They discovered
that certain crystals exhibit electrical charges when subject to mechanical stress, but saw no
practical use of this e�ect. In the 1950s the piezoelectric e�ect was commercialized since it
now was possible to amplify the signals from the piezoelectric crystals into a useful signal.
Today, piezoelectric accelerometers are used in almost every area of modern technology and



10 Accelerometer

Figure 2.2: A piezoresistive accelerometer whit a beam with integrated piezoresistivity

industry. Kulwanoski & Schnellinger (2004) and PCB Piezotronics (2005) has been used as
references in this section.

The main di�erence between the piezoresistive and the piezoelectric accelerometer is that
the latter can be regarded as "active" as opposed to the former which is "passive". With
active, we mean that it doesn't need any input to give a signal. It merely gives an electrical
charge when subject to a change in load, while passive means that we need to measure the
change in resistance by using a voltage input.

2.7.1 High and low impedance accelerometers

There are two types of piezoelectric accelerometers; high and low impedance. High im-
pedance units have a charge output which either needs a charge ampli�er or an external
charge-to-voltage converter. The low impedance units has a miniaturized charge-to-voltage
converter incorporated in the unit. The piezoelectric sensing elements are the same in low-
and high-impedance accelerometers, but based on size and preferred way of transfer (charge
or voltage), the unit best suited for the particular case can be used. High impedance units
are typically more versatile since the absence of built-in electronics means that it has a wider
operating temperature. It is also easier to adjust the external charge ampli�er so that the
accelerometer can be tuned depending on the area of application. Low impedance units,
however, are tailored to a speci�c application and are ideal when measuring frequency and
temperature ranges are well de�ned. The low impedance units will generally be cheaper as
well.
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2.7.2 Piezoelectric materials
There are several piezoelectric materials available, but the preferred material in sensor de-
sign is quartz. The reason for this is that quartz have several useful properties such as
(Kulwanoski & Schnellinger 2004):

• Material stress limit of 20000 psi

• Temperature resistance up to 500◦ C

• Very high rigidity, high linearity and negligible hysteresis

• Almost constant sensitivity over a wide temperature range

• Ultra-high insulation resistance (1014Ω), allowing low-frequency measurements (< 1
Hz)

The voltage sensitivity is high, making it ideal for voltage-ampli�ed system. However,
the charge sensitivity is low, making it less useful in charge-ampli�ed systems. In this case
ceramic materials can be used as the piezoelectric material. Ceramic materials are forced to
become piezoelectric by a polarization process. Unfortunately, because this is not a natural
state for the ceramic material, it will tend to reverse itself over time until it reaches a steady
state. This is not the case with quartz since it is naturally piezoelectric. The ceramic material
can be altered or destroyed by high temperatures and strong electrical �elds as well.

2.7.3 Mechanical con�gurations
There is a variety of mechanical con�gurations available to measure acceleration from a
piezoelectric material. Depending on the orientation and shape of the piezoelectric material,
three piezoelectric e�ects can be distinguished. These tree e�ects will be explained in the
following subsections along with a few examples of mechanical con�gurations where they are
used.

Shear e�ect
The shear e�ect is independent of the size and shape of the piezoelectric element, which
minimizes mass loading e�ects on the test structure. If n elements are connected electrically
and mechanically in series, the equation for the charge is as follows.

Qx = 2× d11 × Fx × n (2.9)

Where d11 is the piezoelectric coe�cient, F is the applied force, n is the number of crystal
plates and x denominates the direction of the force. The shear e�ect is utilized in the Shear
Beam con�guration as shown in �gure 2.3. The preload ring is used to give a preload force
so that a rigid linear structure is guaranteed. Since the piezoelectric materials are isolated
from the base and housing, thermal-transient and base-bending e�ects are minimized.
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Figure 2.3: Shear Beam con�guration and shear e�ect

Longitudinal e�ect

The longitudinal e�ect is independent of the size and shape of the piezoelectric element, i.e.
that it is only dependant on the applied force. The charge can be increased by connecting
several plates mechanically in series and electrically in parallel. The charge can be expressed
as:

Qx = d11 × Fx × n (2.10)

where Qx, d11, Fx and n are the same as in Equation (2.9). A mechanical con�guration
which utilizes the longitudinal e�ect, is the Flexural Beam con�guration shown in �gure 2.4.
This design o�ers a low pro�le, light weight, excellent thermal stability and an economical
price. It is also insensitive to transverse motion.

Transverse e�ect

In contrast to the shear and longitudinal e�ects, the transverse e�ect is dependant on the
geometrical dimensions of the piezoelectric element. The charge produced when the piezo-
electric element is subject to a force, can be described as:

Qy = −d11 × Fy × b

a
(2.11)
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Figure 2.4: Flexural beam con�guration and longitudinal e�ect

where a and b describe the dimensions of the piezoelectric element. This e�ect is not com-
monly used in accelerometer design, much because of the dependance of geometrical dimen-
sion of the piezoelectric element. An illustration of the e�ect can be seen in �gure 2.5.

Figure 2.5: Transverse e�ect
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Compression Mode
In addition to the shear and �exural beam con�guration, compression mode is also quite
common. Compression mode can be divided into three types of design: upright, inverted
and isolated.

The upright compression design o�ers high resonant frequencies due to its sti� structure
which results in a broad and accurate frequency response range. The design is rugged and
capable of withstanding large acceleration values. However, it is also sensitive to the e�ects
from base bending and temperature �uctuations because the piezoelectric crystals are in
contact with the base which gives poorer isolation. Due to this sensitivity it is advised to
desist from using accelerometers based on this design in thin, sheet-metal structures or in
thermally unstable environments.

With inverted compression design the piezoelectric crystals are isolated while it retains
the good qualities from the upright design. The inverted compression design is often used
in reference standard calibration accelerometers.

Figure 2.6: The three di�erent compression modes(upright, inverted and isolated)

The isolated compression design reduces the errors from base strain and thermal tran-
sients by isolating the sensing crystals from the mounting base mechanically. In addition, the
seismic mass acts as a thermal insulation barrier. This design allows a stable performance
at low frequencies in thermal unstable environments. With other compression design a sig-
nal drift may occur under the same conditions. An illustration of the di�erent compression
modes can be seen in �gure 2.6

2.8 Comparison of accelerometers
There are several manufacturers and the speci�cations for the di�erent types of accelerom-
eters vary from each one. To illustrate the basic properties of the di�erent accelerometers,
a single manufacturer which produces both capacitive, piezoresistive and piezoelectrical ac-
celerometers is chosen. The manufacturer chosen is PCB Piezotronics and the accelerometers
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are chosen based on their intended use, i.e. shock and vibration measurement. Because it is
possible to mechanically �lter out some of the high-frequency vibrations, a few accelerometers
with lower frequency and measurement range are examined as well.

Speci�cation (vibration) Capacitive (650A10)
Sensitivity 1.02 mV/(m/s2) (±5%)

Measurement range ±1961 m/s2 pk
Frequency range (±5%) 0 to 800 Hz

Temperature range (Operating) −40 to +85◦C
Speci�cation (no vibration) Capacitive (3703D1FE50G)

Sensitivity 4.1 mV/(m/s2) (±5%)
Measurement range ±490 m/s2 pk

Frequency range (±5%) 0 to 450 Hz
Temperature range (Operating) −40 to +85◦C

Table 2.1: Speci�cations for capacitive accelerometers

Speci�cation (vibration) Piezoresistive (3901F3HB2000G)
Sensitivity 0.2 mV/(m/s2) (±20%)

Measurement range ±19620 m/s2 pk
Frequency range (±5%) 0 to 5000 Hz

Temperature range (Operating) −18 to +66◦C

Table 2.2: Speci�cations for a piezoresistive accelerometer

Some speci�cations for the capacitive, piezoresistive and piezoelectric accelerometers are
given in tables 2.1, 2.2 and 2.3 respectively. It can be seen that for the purpose of shock/high
frequency measurements, the capacitive accelerometer performs poorly. This is due to the
relatively low measurement range of ±1961 m/s2 pk (200 g pk). It does, however, have
other properties like true static acceleration measurements and very good sensitivity. If
the vibrations can be �ltered out, the capacitive accelerometers may be used in a crash test
scenario. However, the frequency range is quite low and may not satisfy the recommendations
in section 2.2.

The piezoresistive accelerometer has a much greater measurement range which conse-
quently leads to at poorer sensitivity. The frequency range is from 0 to 5000 Hz which is
very good, and it has true static load response.

The best accelerometer for high frequency measurements is the piezoelectric. The 352C23
has a measurement range of ±1000 g and a frequency range up to 10 000 Hz. It lacks the
ability to measure static load, but is able to respond to small changes in acceleration (2 Hz).
In the extreme cases with g-forces up to 10 000 g's, the model 350B50 can be used. This
accelerometer has a built-in 2nd degree low-pass �lter which �lters out the high-frequency
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Speci�cation (vibration) Piezoelectric (352C23)
Sensitivity 0.5 mV/(m/s2) (±20%)

Measurement range ±9810 m/s2 pk
Frequency range (±5%) 2.0 to 10000 Hz

Temperature range (Operating) −54 to +121◦C
Speci�cation (vibration) Piezoelectric (350B50)1

Sensitivity 0.05 mV/(m/s2) (±20%)
Measurement range ±98000 m/s2 pk

Frequency range (± 1 dB) 3.0 to 10000 Hz
Temperature range (Operating) −54 to +121◦C
Speci�cation (no vibration) Piezoelectric (356A12)

Sensitivity 10.2 mV/(m/s2) (±20%)
Measurement range ±491 m/s2 pk

Frequency range (±5%) 0.5 to 5000 Hz
Temperature range (Operating) −54 to +77◦C

Table 2.3: Speci�cations for a piezoelectric accelerometer

vibrations. Because the measurement range is high, the sensitivity will su�er. A small phase
lag will also be introduces as a consequence of the low-pass �lter. If the vibrations are �ltered
out in advance, it will still be possible to �nd a piezoelectric accelerometer that performs
very well. As can be seen with model 365A12 in table 2.3, the piezoelectric accelerometer
has much better sensitivity than the capacitive and piezoresistive accelerometers.

It seems the best accelerometer type, no matter if the signal is �ltered or not before
measured, is the piezoelectric accelerometer. It has both better sensitivity, higher frequency
range and larger measurement range. For full speci�cation sheets, see Appendix E.

1The 350B50 accelerometer has a built-in 2nd order low-pass �lter.



Chapter 3

Theoretical background

In this chapter the theoretical background will be given. This includes an introduction to the
fundamentals of impacts and energy absorption, and theory attended with the angular dis-
placement. A mathematical model of the system will be presented, and a brief introduction
to the Kalman �lter will be given.

3.1 Impacts and energy absorption
In this section, a brief introduction to the theoretical background of collisions is given. Tipler
(1999) and Nyhus (2002) have been used as reference.

A force does work when it acts on an object that moves through a distance, and there is
a component of the force along the line of motion. In equation form, this becomes:

W =

∫
Fdx (3.1)

A load/displacement plot, which has the displacement (x) along its x-axis and the force (F)
along its y-axis, will give valuable information about the work done during an impact. Work
can be divided into dissipative and conservative forces. Conservative forces are forces that
do no work over a closed cycle, while dissipative forces will go over to other energy forms like
heat, friction and deformations. An example of a load/displacement plot is given in �gure
3.1.

It can be seen in the �gure how work is performed on the system up to the maximum
displacement. The graph after maximum displacement describes the work done by conser-
vative forces. The area inside the graph describes the work done by dissipative forces. For
the bumper system case, this means that the area under the upper curve up to maximum
displacement will be the total energy absorption of the system. The area inside the graph
represents the energy absorption from plastic deformations, while the area under the lower
curve represents work done by elastic deformations. Elastic deformation is a deformation of
a body in which the applied stress isn't large enough to permanently alter the original dimen-
sion of the object after the stress is released. Plastic deformation is when the deformation
remains after the stress is released.
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(a) An example plot. (b) Same plot with colours indicating plastic and
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Figure 3.1: An example of a Load/Displacement plot.

The three most important mechanical forms of energy are kinetic energy, the potential
energy resulting from elastic deformation and an object's positioning in the gravity-�eld.
The equation describing kinetic energy is:

Ek =
1

2
mv2 (3.2)

while the equations describing potential energy are:

Ee =
1

2
kx2 (3.3)

Eg = mgh (3.4)

associated with elastic deformation and positioning in the gravity �eld respectively.
When there is an impact where no energy dissipates, there will be a conservation of

momentum. This means that the total momentum is equal before and after the impact.
Momentum is de�ned as:

p = mv (3.5)
For an impact between two objects, as illustrated in �gure 3.2, the conservation of mo-

mentum yields the following equation:

m1v1b + m2v2b = m1v1a + m2v2a (3.6)

During an impact, the two objects will at a point, tc, have the same velocity vc. The
momentum in tc is equal the momentum in equation (3.6) which gives:

(m1 + m2)vc = m1v1b + m2v2b = m1v1a + m2v2a (3.7)
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Figure 3.2: A simple impact with two objects.

The kinetic energy of the system before, during and after impact becomes as follows:

Ek,b =
1

2
(m1v2

1b + m2v2
2b) (3.8)

Ek,c =
1

2
(m1 + m2)v2

c (3.9)

Ek,a =
1

2
(m1v2

1a + m2v2
2a) (3.10)

If the impact is completely elastic, Ek,b, Ek,c and Ek,a will be equal. However, if the
impact is plastic, that will not be the case. To help us describing how elastic or plastic an
impact is, a coe�cient of restitution is used. This coe�cient is de�ned as

ε2 =
Ek,a − Ek,c

Ek,b − Ek,c

≤ 1 (3.11)

If ε = 1 it means that the impact is elastic and all the energy is conserved. The forces acting
on the objects are strictly conservative in this case. If ε = 0, the collision is perfectly plastic
and the forces acting upon the objects are dissipative.

3.2 Accelerations tied to angular displacement
Consider a particle in a rigid body, and let ri be the length from the rotation point. As the
rigid body rotates with an angle θ, the particle moves through a circular arc of length

si = ri|θ| (3.12)

where θ is measured in radians. The angle θ is the same for every particle in the rigid body,
and is called angular displacement. The time rate of change of the angle, θ̇, is the same
for every particle as well, and is called the angular velocity ω. The tangential velocity of a
particle in the rigid body becomes:

vit = riω (3.13)
The time rate of change of angular velocity is called the angular acceleration α:

α = ω̇ = θ̈ (3.14)

The tangential acceleration of a particle in the rigid body is

ait = riω̇ = riα (3.15)



20 Theoretical background

Each particle also has a radial acceleration, the centripetal acceleration, which points inward
along the radial line.

aic =
v2

it
ri

=
(riω)2

ri

= riω
2 (3.16)

In �gure 3.3 the tangential and radial accelerations are shown together with the axes of the
accelerometer.

Accelerometer

ax

ay

ac

at

Figure 3.3: The two accelerations acting upon the accelerometer showed together with the ac-
celerometer's axes.

3.3 Computing the rotation
The way the tests currently are performed and the data processed, gives no way of knowing
if the test vehicle has rotated and ,if so, how much. If the accelerations can be measured
precisely, it should be possible to calculate the test vehicle's rotation.

Since the current test procedures and data processing only use the acceleration in x-
direction when performing calculations, there are two new movements that can be registered
when utilizing the y-direction as well; the sideways drift and the rotation. The sideways drift
will manifest itself as an acceleration in y-direction with the same force on all three accelerom-
eters. The integral of this acceleration should be zero as the test vehicle will both start and
end with zero velocity in y-direction. The rotation, however, will di�er depending on the
point of observation and where the rotation takes place, i.e. the di�erent accelerometers will
experience the rotation in di�erent ways. As derived in section 3.2, the accelerometers will
experience two acceleration forces as a result of the rotation. Assuming that the rotation
takes place in point P in �gure 3.4, the equations for the resulting accelerations becomes as
follows:
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Figure 3.4: The parameters needed to calculate the rotation angle.

a1x = −ω̇ · d1 cos α1 + ω2 · d1 sin α1 (3.17)
a1y = ω̇ · d1 sin α1 + ω2 · d1 cos α1 (3.18)
a2x = ω̇ · d2 cos α2 + ω2 · d2 sin α2 (3.19)
a2y = ω̇ · d2 sin α2 − ω2 · d2 cos α2 (3.20)
a3x = −ω̇ · d3 cos α3 + ω2 · d3 sin α3 (3.21)
a3y = ω̇ · d3 sin α3 + ω2 · d3 cos α3 (3.22)

where ax and ay are the measured accelerations, ω̇ is the rotational acceleration, ω is the
angular velocity and d is the distance from the rotation point P. Since the accelerometers
measure large values in x-direction due to the crash, the most reliable source to compute ω̇
from, will probably be a3y, i.e. equation (3.22).

The sideways drift can be found by looking at the readings of a1y and a2y and subtracting
the acceleration components resulting from the rotation. The equations for �nding the
sideways drift is:

ad = a1y − ω̇ · d1 sin α1 − ω2 · d1 cos α1 (3.23)
ad = a2y − ω̇ · d2 sin α2 + ω2 · d2 cos α2 (3.24)

where only one of the equations is necessary to perform the calculation.
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3.4 Mathematical modeling
In order to get a clearly set out model of the system, it is convenient to organize the system
equations in matrix-form. In addition to the equations obtained in the previous chapter,
the equations describing the relationship between position, velocity (ẋ = v) and acceleration
(v̇ = a) are used to get a full description of the system. The resulting mathematical model
becomes




ẋ
v̇

θ̇
ω̇
ȧ

ḃ




=




v
a− b− ω̇ · ωkonst − ω2 · ωkonstC

ω
a3y−ad−d3 cos α3ω2

d3 sin α3

w
−T−1b +w




(3.25)

ωkonst =




−d1 cos α1

d1 sin α1

d2 cos α2

d2 sin α2

−d3 cos α3

d3 sin α3




, ωkonstC =




d1 sin α1

d1 cos α1

d2 sin α2

−d2 cos α2

d3 sin α3

d3 cos α3




(3.26)

where x is the position in two dimensions, v is the velocity in the same two dimensions, a is
the acceleration readings from the accelerometers and b is a bias on the readings. ω̇ is found
by rearranging equation (3.22). Since there are three accelerometers which measure in both
x- and y-direction, x, v, a and b consists of six elements each. w, θ and ω represent the white
noise, angular displacement and angular velocity, respectively. The acceleration is modeled
as a random walk and the bias is modeled as a 1st-order Markov model (Fossen 2002).
Because there is a nonlinear element in the equation for v̇, the system needs to be linearized.
Linearization around the working point ω = 0 yields the following mathematical model:




ẋ
v̇

θ̇
ω̇
ȧ

ḃ




=




v − ω · ωkonst

a− b
ω

a3y−ad

d3 sin α3

w
−T−1b +w




(3.27)

where ad = a1y− ω̇ · d1 sin α1 because of the linearization. v will have component due to the
rotation, but this can be subtracted later by using the calculated value of ω. Expressing the
system on state form, we get

ẋ = Ax + Bu + Ew (3.28)
y = CTx (3.29)
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where

A =




0 1 0 −ωkonst 0 0
0 0 ... 0 1 −1
0 · · · 0 1 0 · · · 0 0 · · · 0
0 · · · 0 0 aω 0 · · · 0
0 0 ... ... 0 0
0 0 0 0 0 −T−1




, aω =




0
− 1

d3·sin α3

0
0
0
1

d3·sin α3




T

(3.30)

B =




0
0
0
0
0
0




, E =




0 0 0 0 0 0
0 0 ... ... 0 0

0 · · · 0 0 · · · 0 0 · · · 0 0 · · · 0 0 · · · 0 0 · · · 0
0 · · · 0 0 · · · 0 0 · · · 0 0 · · · 0 0 · · · 0 0 · · · 0
0 0 ... ... 1 0
0 0 0 0 0 1




(3.31)

and CT describes which measurements are available.

3.5 The Kalman Filter
Because there is a redundancy in measurements, it can be a good idea to merge all these
measurements in a Kalman �lter and get an improved and more accurate reading. Kalman
�ltering can be described as an optimal state estimation in sense of minimum variance which
allows the user to estimate the state x of a dynamic system from a noise contaminated
input-output pair (u,y). The di�erent sources can be weighted according to their expected
variance and accuracy. The interested reader may consult Fossen (2002),Welch & Bishop
(2004) and Farrell & Barth (1998) for more detailed information on the Kalman �lter.

The Kalman �lter will �lter out the noise and give an estimate of the rotation angle
originating from the o�set impact. The quality of this estimate will be dependant on the
quality of the readings. In order to utilize the Kalman �lter, the system needs to be presented
in state form as shown in equations (3.32) and (3.33).

ẋ = Ax + Bu + Ew (3.32)
y = Hx + v (3.33)

The vector x is the state vector, y is the measurement vector, u is the input, and w and
v are zero mean Gaussian white noise processes. The matrices A, B and E describes the
system while H is the measurement matrix. The Kalman �lter equations are as follows:



24 Theoretical background

˙̂x(t) = A(t)x̂(t) + B(t)u(t) + K(t)[y(t)−H(t)x̂(t)] (3.34)
K(t) = P(t)HT(t)R−1(t) (3.35)
Ṗ(t) = A(t)P(t) + P(t)AT(t) + E(t)Q(t)ET(t) (3.36)

−P(t)HT(t)R−1(t)P(t), P(t) = PT(t) > 0 (3.37)

where K(t) is the Kalman gain matrix, ˙̂x(t) is the state estimate propagation and Ṗ(t) is
the error covariance propagation. The matrices R(t) = RT(t) > 0 and Q(t) = QT(t) > 0
are design matrices where R(t) represents the covariance in the measurements and Q(t)
represents the process noise covariance.

R(t) can be found by computing the covariance of the measurements when the output is
supposed to be zero, while Q(t) usually is found by trial and error.



Chapter 4

The Crash Test Lane

4.1 Test facility
The test facility is located at Hydro's premises in Raufoss, Norway. The components used
in the barrier- and AZT-tests are presented in this section.

4.1.1 Barrier
The barrier is a concrete block with a steel-plate mounted on it. It is possible to attach
di�erent steel-objects for di�erent tests, like the AZT-test where a barrier which covers 40%
of the width is needed. As can be seen in �gure 4.1(a) and 4.1(b), there are two range �nders;
one above and one below the barrier. The range �nders measure the distance to the test
vehicle during impact. A more thorough description of the range �nders is given in section
4.2.2.

(a) Normal barrier. (b) Pole barrier.

Figure 4.1: The barrier.



26 The Crash Test Lane

4.1.2 Test vehicle
In order to perform the di�erent tests, a test vehicle, onto which the bumper system is
mounted, is needed. Because we want as little energy absorption as possible in the car itself,
the test vehicle is much sti�er than an ordinary car. This way, almost all the energy will be
absorbed in the bumper system. Without any load, the test vehicle ways in at about 1000
kg, but it is possible to increase this to about 2000 kg by adding weight.

The test vehicle has three load-cells mounted behind both of the two crash boxes to
measure the force acting on it. In addition it has three accelerometers which measure the
acceleration in x- and y-direction. One of the accelerometers even measure the acceleration in
z-direction. The location of the accelerometers can be seen in �gure 4.2(c). The accelerometer
in the rear of the test vehicle was temporary mounted on the far left during the test-series
studied in this thesis. It will, however, be permanently mounted along the symmetry-axis in
the future.

4.1.3 The winch
The current winch is a hydraulic one, capable of achieving impact speeds close to 20 km/h
with a test vehicle of 2 tons. This winch will soon be replaced by a new electric winch which
is capable of achieving velocities greater than 30 km/h. The electric winch is also more
accurate with respect to producing the desired impact speed.

4.1.4 High-speed cameraes
In order to capture the impact on �lm, two high-speed cameraes are used. One camera �lms
top-down while the other �lms from the side. Usually the cameraes take 1000 pictures per
minute, but it is also possible to take 2000 pictures per minute if this is desirable.

4.2 The instruments
In this section, a brief introduction to the di�erent measuring instruments used in the AZT
and barrier test will be given.

4.2.1 Speed measurements
The speed is measured by using a �xed laser beam on a grating attached to the moving
vehicle. Each time a bar on the grating passes over the laser beam, a pulse is generated.
When the distance between each bar on the grating is known along with the width of the
bar, it is possible to calculate the impact speed. As can be seen in �gure 4.3(b), there are
two lasers on the device. The �rst laser merely acts as a trigger which tells the computer to
start sampling data and the winch to stop pulling, while the second measures the velocity.
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(a) From the side. (b) From the back.

(c) Location of the accelerometers.

Figure 4.2: The test vehicle.

4.2.2 The laser (range �nder)
The instrument used to measure the distance from the barrier to the test vehicle is a ODS
750 produced by DSE ApS. The instrument consists of a laser and a position detector. A
focused laser beam forms a spot on the surface of the measuring object and the image of the
spot is detected by the position detector. By utilizing the triangulation principle, the ODS
is able to compute the distance to the object. The ODS 750 can work on either 500 Hz or
1000 Hz and has a measuring range between 400 - 1100 mm. The margin of error is ±0.5
mm.

Before each test, the test vehicle is pulled up to the barrier so that the bumper touches



28 The Crash Test Lane

(a) The grating (b) The laser

Figure 4.3: Speed measurement instruments

the barrier. The distance is then set to be zero before the test vehicle is pulled back to ready
position. The distance the laser measures during the impact acts as a measurement of how
much the bumper system is compressed.

(a) The laser (distance measurement) (b) The load-cell con�guration

Figure 4.4: The laser and the load-cell con�guration.

4.2.3 Load-cells
To measure the load acting on the car from the bumper system, three load-cells are mounted
behind each crash box. The sum of all the six load-cells yields the total load acting on the
test vehicle. The load-cells used are U4200 produced by Maywood Instruments which have
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a measurement range of 100 kN each. They have a accuracy of ±1 kN, have an overload
capacity of 150% and a maximum sideload of 50%. The load-cells are mounted in such a
way that the sideload is minimized (see �gure 4.4(b)).

4.2.4 Acceleration
There are two types of accelerometers used; one type on the test vehicle and a di�erent type
on the barrier.

On the barrier there is only one accelerometer which is supposed to measure the barrier's
acceleration in x-direction. The barrier will not actually move, but it will vibrate and that
is what the accelerometer measures. The accelerometer has the model number 625B01 and
is provided by IMI Sensors. It is a ceramic piezoelectric accelerometer with shear sensing
geometry. The measurement range is ±490 m/s2 (±50 g) and it can withstand shocks up to
49050 m/s2 (5000 g).

On the test vehicle there are three accelerometers of the type 629A31, also provided by
IMI Sensors. These are triaxial which means that they can measure accelerations in both x-,
y- and z-direction. However, only one accelerometer measures acceleration in z-direction due
to the ampli�er only having eight channels. Like the 625B01, the 629A31 is also a ceramic
piezoelectric accelerometer with shear sensing geometry. The measurement range is ±490
m/s2 (±50 g) and the shock limit is 49050 m/s2 (5000 g).

4.3 The test procedures
In this section the test procedures are brie�y explained. Emphasis is laid on the description
of the AZT-test since the testseries data used for analysis in Chapter 5 are collected from
this test.

4.3.1 AZT test
The Allianz Zentrum für Technik (AZT) developed this test in the early 1980's and it has
been adopted by the Research Council for Automobile Repairs (RCAR) as a standard for
conducting low-speed crash tests. RCAR is an international organization that works towards
reducing insurance costs by improving automotive damageability, reparability, safety and
security (Research Council for Automobile Repairs 2002). The AZT test can be performed
on both front and rear bumpers.

The frontal test is performed by letting the test vehicle crash into a barrier which is o�set
in such a way that it covers 40% of the test vehicle's width (see �gure 4.5(a)). The speed at
impact should be 15.0 ±1.0− 0.0 km/h.

In the rear collision test, the test vehicle stands still while a mobile barrier rams into it.
As with the frontal test, the barrier is o�set so that it covers 40% of the test vehicle's width.
The mobile barrier has a mass of 1000 kg. An illustration of this test is given in �gure 4.5(b)
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(a) AZT-test, front (b) AZT-test, rear

Figure 4.5: MB = Mobile barrier, U = O�set 40%, B = Overall width of vehicle, R = 150mm
constant radius, F = Test vehicle (Research Council for Automobile Repairs 1999)

4.3.2 IIHS-test
The IIHS pole test is conducted with a nominal impact speed of about 8 km/s (5 mi/s). The
pole test is intended to assess how well the bumper system protects against damage from a
narrow object. The test vehicle's longitudinal centerline will, normally, be aligned with the
test-pole in these tests. More information and speci�cations about this test can be found in
Insurance Institute for Highway Safety (2002). Pole tests at higher impact speeds can also
be carried out on demand from the car manufacturer.

4.3.3 Barrier test
In the barrier test, the test vehicle is rammed into a sti� barrier at a desired speed, usually
around 16 km/h. The test vehicle is pulled towards the barrier using a wire. A laser sensor
makes sure that the pull is disconnected before impact. This test is performed in order to
observe the bumper system during impact as well as measuring the forces at work on the
bumper system.

4.3.4 The pendulum test
The pendulum test is done by letting a pendulum of a speci�c weight hit the bumper system
at a desired speed and location on the bumper. The point of impact can be adjusted
in vertical direction by adjusting the pendulum up or down. Measured values during a
pendulum test is the distance between the pendulum and the test vehicle, the speed of the
pendulum and the contact force between the pendulum and the vehicle.



Chapter 5

Analysis

In this chapter, the results from the tests will be examined and comments will be given.
There won't be made any attempts to correct the errors at this stage in the thesis, since the
emphasis is on mapping the sources of error and determining their impact on the readings
obtained.

5.1 Speed measuring unit
The speed measuring unit consists of a laser and a grating. The grating is attached to
the test vehicle while the laser is standing on the ground. Each time a bar on the grating
intersects the laser beam, a pulse is generated. Knowing the width of the bars in the grating
and the distance between each bar it is possible to calculate the speed.

The most obvious source of error in this case is whether the actual bar width is the
same as the one the calculations are carried out with. The algorithm used to calculate the
speed, counts the number of sample periods between the pulses as long as the speed is nearly
constant. The speed obtained with this algorithm, is the impact speed of the vehicle. The
pulses generated can be seen in �gure 5.1. If the same algorithm is used only on the pulses
generated after the impact, it will produce the velocity of the vehicle as it rolls back from
the barrier.

5.2 The lasers (range �nders)
There are two range �nders mounted on the barrier. One is mounted on the top of the
barrier and the other stands on the ground. A picture showing the arrangement can be seen
in �gure 5.2. The range �nders are reset to zero at the point where the bumper system meets
the barrier.

There are two ways to interpret the results from the range �nders. The �rst interpretation
is that it is the test vehicle's position in x-direction that is being measured. The other
interpretation is that the maximum in �gure 5.3 shows how many millimeters the bumper
system has been compressed.
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Figure 5.1: The pulse generated by the speed measuring unit(scaled).

Figure 5.2: The range �nder arrangement.
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The two range �nders should ideally yield the same result, but this is not the case as can
be seen in �gure 5.3. It can also be noticed that one of the range �nders very often has a
upturn at about 1400 samples.
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(b) Position in 9266.
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(c) Position in 9267.

Figure 5.3: The test vehicle's position in x-direction during impact.

The reason for the deviation in the two measurements can be explained by consideration
of their placing. The range �nder which measures the largest values is mounted on top of
the barrier, while the one producing the slightly lower and smoother readings, is the one
on the ground. As explained earlier in chapter 6.1.2, the test vehicle will rotate slightly
when performing the AZT-test. The upturn experienced in the upper range �nder can be
explained by considering this rotation. As the test vehicle rotates, it will move closer to the
upper range �nder which is placed closer to the center of the vehicle than the lower. This will
result in the upturn observed in �gure 5.3. In addition it can be seen from the high-speed
cameraes that the plate which the lasers are aimed at, vibrate quite a lot during impact.
These vibration are much more violent at the top of the plate than on the lower part. This
means that the upper range �nder has much more vibration noise than the lower one.

Taking into account all these sources of error, it can be concluded that the lower range
�nder probably yields the most accurate result, but the upper one may be able to help
indicate whether there is a rotation. However, since there is no routine on where the upper
laser is placed, it is di�cult to say anything on how large the rotation is.

5.3 Load-cells
There are three load-cells behind each crash box. They measure the forces which acts upon
the test vehicle during impact. The load-cells �lter their signals before they are sent to the
computer. Because of this �ltering, there will be a time delay in the region of a few samples
on the signals from the load-cells. The load-cells are accurate down to ±1 kN which gives a
total insecurity of ±6 kN.

It can be seen from �gure 5.4 that the load-cells don't settle at zero after impact, but
rather seem to have an approximately constant value. This is due to distortions in the
bumper system which act upon the sensors with a constant force after impact. This is
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Figure 5.4: Measurements from the individual load-cells. Left side load-cells on the left and right
side load-cells on the right.

supported by an observation in �gure 5.5 where it can be seen that the total force on the
three sensors behind each crash-box is close to zero, which is as suspected when there no
longer is an external force acting upon the bumper system.

The forces measured on the right side of the test vehicle are much smaller than the ones
on the left side. The reason for this is quite obvious since the crash test involves an o�set
barrier.

5.4 Accelerometers
The readings from accelerometer 1, 2 and 3 are given in �gures 5.6, 5.7 and 5.8 respectively.
Accelerometer 1 measures acceleration in z-direction in addition to x- and y-direction. It is
clear that there is a lot of noise on the signal from the accelerometers, and quite often the
accelerometers measure the maximum value of 50 g's in both x- and y-direction, which is
clearly erroneous. The accelerometers also yield readings with a mean value di�erent from
zero after the test vehicle is clear of the barrier. Except from a small positive acceleration in
x-direction due to friction in the wheels, the mean value should be zero after impact. There
would still be vibrations in the vehicle.

In �gure 5.9 the mean values of the measured values before, during and after impact are
given. Before impact the mean value of the measured acceleration in x-direction is close to
zero, while the measurements in y-direction clearly have a bias. This bias is even larger with
accelerometer 1 (about 1 g) than with accelerometer 3 which is used in �gure 5.9.
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Figure 5.5: The total load on the left and right side of the bumper system.
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Figure 5.6: The readings from accelerometer 1.
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The high-frequency noise is due to vibrations in the test vehicle and measurement noise.
The vibrations also have a very high frequency which may introduce errors in the accelerom-
eter readings. It is likely that the post-impact accelerations are because of malfunctions in
the instruments due to the high g-forces or the high frequency vibrations during impact.
The bias experienced in y-direction may be a result of incorrect mounting and calibration of
the accelerometers.

Accelerometer 1 also has a sine wave-form output in y-direction before impact. The
reason for this behavior may be the fact that the pull from the winch isn't on the center of
the test vehicle, but rather with an o�-set of 20 cm. This may lead to some vibrations in
the vehicle which result in the behavior observed. The reason for the o�set pull, is that it is
convenient in order to obtain the 40% impact needed in the AZT-test described earlier.

0 500 1000 1500 2000 2500 3000
−50

0

50
x−direction

Sample

g’
s

0 500 1000 1500 2000 2500 3000
−50

0

50
y−direction

Sample

g’
s

Figure 5.7: The readings from accelerometer 2.
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Figure 5.8: The readings from accelerometer 3.
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Figure 5.9: The mean values during the di�erent phases.



Chapter 6

Implementation of possible
improvements

6.1 The problems
In this section, a brief introduction to the di�erent problems encountered during the crash
test series is given.

6.1.1 Displacement
When performing the barrier tests with an o�set barrier (the AZT-test), the test vehicle tends
to rotate slightly because of the uneven force distribution. The rotation exposes the bumper
system to transverse forces. Because the bumper system mainly is built to absorb energy in
the longitudinal direction, the transverse forces make the crash-boxes fold di�erently than
intended and, consequently, absorb less energy. The rotation also causes the conformity with
computer simulations to be poorer. The rotation is illustrated in �gure 6.1.

6.1.2 The distance/compression measurement
The compression of the bumper is measured by measuring the distance to the test vehicle.
This is done with a laser which measures the distance to a metal plate mounted on the front
of the vehicle. The laser is an accurate instrument, but when the test vehicle is rotated, it
will produce an error. This error is due to the fact that the metal plate will rotate with the
car which in turn gives the impression that the car is closer than it actually is. Figure 6.2
illustrates this problem.

6.1.3 Time delay
The load-cells have a built-in low-pass �lter to remove the high frequency noise during
impact. This �lter introduces a time delay and is not possible to deactivate. This is not a
problem when the measurements from the load-cells are considered by themselves, but when
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Figure 6.1: Rotation of the test vehicle when performing the barrier test with an o�set barrier.

Figure 6.2: The compression error as a result of the rotation. a is the distance from the rotation
point to where the laser hits, b is the error in the distance measurement and α is the
rotation angle.
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they are used in combination with other sensors, problems may occur. When compared to
other sensors (like the accelerometer which has virtually no time delay), the readings from
the load-cells will be delayed and consequently have to be corrected by the corresponding
value if they are to give correct results. Observations indicate that the time delay is close to
14 samples, which is about 2.8 ms.

6.2 The di�erent phases of the impact
The impact can be divided into three di�erent phases; the pre-impact phase, the impact
phase and the post-impact phase. In this section a brief description of each phase will be
given along with an overview of which sensors are available during the di�erent phases.

The pre-impact phase
The sampling of data begins roughly at 130 milliseconds prior to the impact. In this phase
the available sensors are the speed measuring unit, the accelerometers and the load-cells.
The range �nders won't produce an output because they are preset to measure compression
during the impact. The speed measuring unit will only give us the mean value of the speed,
but since the time span is very short and the forces acting in the direction of the movement
are relatively small, this is a good estimate. The accelerometer measurements should be
very close to zero in this phase because of the constant speed, but during tests it is seen that
they give a signi�cant output. Consequently, these readings will be treated as a bias error
by which we will try to correct the accelerometer readings in the succeeding phase.

The impact phase
This phase is the period from when the bumper system �rst makes contact with the barrier
until it is freed from it. The phase lasts for about 300 milliseconds. Sensors available
during impact are the accelerometers, the load-cells and the range �nders. There is no
velocity measurement available during this phase. After studying crash test high-speed
videos, it seems probable that the rotation occurs during this phase. The accelerometer
measurements are considered the least reliable of the sensors available. The reason for this
is that the outputs have a considerable amount of noise caused by vibrations in the vehicle.
The same vibrations also cause the accelerometers to experience accelerations greater than
their measuring limit which in turn may lead to large bias errors. The load-cells and range
�nders, on the other hand, are considered to be more reliable sensors.

The post-impact phase
The post-impact phase is when the test vehicle rolls away from the barrier after impact. This
phase is somewhat similar to the pre-impact phase with the exception that there still are
vibrations from the crash present in the vehicle and the velocity is smaller and in negative
direction. The available sensors are the same as in the pre-impact phase. In order to obtain
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a more realistic result with the Kalman �lter, two assumptions are made in this phase. The
�rst assumption is that the velocity in y-direction (sideways velocity) is zero. The second
one is that there is no rotation, i.e. the angular velocity is zero. Both assumptions should
hold since there are no forces acting upon the test vehicle except from friction.

Identifying the three phases

A method for identifying the three di�erent phases described in the sections above is needed.
To do this, the range �nder outputs are studied since they provide a positive output during
the impact. The impact phase is de�ned to be when the output from PGB3 (the lower range
�nder) is larger than zero. After de�ning the impact phase, �nding the pre- and post-impact
phase is a simple task.

6.3 Kalman �lter
The system has a great redundancy of sensors. A Kalman �lter is able to use a variety
of measurements and predict the states of a process using a mathematical model. The two
matrices Q and R are the tuning parameters and represents the process noise covariance and
measurement noise covariance respectively. By tuning these, the Kalman �lter will weight
the measurements di�erently according to the amount of noise on the measurements and the
reliability of the mathematical model.

Since there are di�erent measurements available in di�erent phases of the crash test, it
might be a good idea to use a di�erent Kalman �lter for each phase. The states of the
system at the end of one phase will be used as the initial conditions of the Kalman �lter
in the succeeding phase. Because there are three acceleration sensors, the model will yield
three di�erent velocities and positions. The simulink diagram can be seen in �gure 6.3. The
detailed �lter can be found in Appendix A.

6.3.1 Accelerometer measurement
To begin with, the e�ect of the Kalman �lter will be studied with only the accelerometer
readings as input. In this case, the Kalman �lter will have a behavior close to that of a
low-pass �lter, but with the distinction that the �ltering is based on knowledge about the
measurement noise rather than blocking out certain frequencies. In order to �nd what the R
matrix should be, the covariance from the signal from accelerometer 1 in x-direction (forward
direction) before the impact is calculated. This choice is made because the three measure-
ments in x-direction have about the same covariance, while the measurements in y-direction
have a considerable bias in addition which makes �nding the covariance more complicated.
All measurements from the accelerometer should have roughly the same covariance, since
the same hardware (accelerometers and cabling) is used with each accelerometer. For that
reason, it is assumed that all three accelerometers have the same covariance.
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Figure 6.3: The Simulink model of the Kalman �lter.

6.3.2 Accelerometer, load-cells, position and velocity measurement
In order to improve the results from the previous subsection, the load-cells and velocity
measurement are used as input to the Kalman �lter in addition to the accelerometers.

In the pre-impact phase, the velocity in y-direction and the acceleration in both y- and
x-direction are close to zero. For that reason, the state equation derived in section 3.4
describing the acceleration (ȧ = w) is changed to ȧ = 0. The velocity input becomes as
follows:

v =
[

v1x v1y v2x v2y v3x v3y

]T
=

[
vmeas 0 vmeas 0 vmeas 0

]T (6.1)

where vmeas is the impact velocity found by the velocity measuring unit. v1, v2 and v3 are
the velocities related to a1, a2 and a3 respectively.

In the impact phase, the bias needs to be initialized. It is especially important to have
good initial conditions for the bias in y-direction, since there are no other measurements in
y-direction except the accelerometer input in this phase. There are two possible approaches
to this. The �rst is to look at the accelerometer output in the pre-impact phase and have
the initial values based upon them. A sensible approach in this case, is to take the mean
value of the accelerometer output and use them as initial conditions for the respective biases.
The problem with this approach is that the bias error changes on impact and often grows
much larger than in the pre-impact phase. Therefore, a second approach where we can
use the knowledge of future bias is desirable. Future bias is available since the estimation
doesn't take place in real time. The method used in this report takes the mean value of the
accelerometer outputs in y-direction during and after the impact and uses this value as the
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initial bias values. The reason for doing this, is that the mean value on the accelerometer
outputs in y-direction should be zero since it has the same velocity before and after the
impact. Therefore, a nonzero value here, represents a bias error. In x-direction, the same
procedure is used, but the mean value has to be taken over the last 200 samples if we are
to expect a value close to zero. The sensors used in this phase are the accelerometers, range
�nders and load-cells. The output from the load-cells are divided by the test vehicle's mass
and used as a acceleration measurement.

In the post-impact phase, the inputs to the Kalman �lter are as follows: accelerometer,
velocity and rotation angle. The last one is not an actual measurement, but rather a constant
equal to zero. This to illustrate that there is no rotation in this phase of the impact, which is
a reasonable assumption. The rotation angle input to the Kalman �lter should be removed
when unbiased readings are achieved. The velocity input is the same as in the pre-impact
phase with the distinction that the algorithm used to �nd the impact velocity is used only on
the samples in the post-impact phase, thus producing the velocity of the test vehicle rolling
back after impact.

6.3.3 Manufactured test data
Since the accelerometer outputs are so erroneous, a test data set is created in order to test
the Kalman �lter on a set without the bias error. This is �rst done with the accelerometer as
the only measurement and then with the accelerometers, velocity measuring unit and range
�nders as sensors.

The acceleration signal is generated in the Matlab �le generateSignal.m and then used
as input in the simulink model fabrication.mdl to generate the range �nder measurements.
The simulation is done with a considerable amount of noise on the sensor readings in order
to observe how well the Kalman �lter performs.

6.4 Finding the rotation angle using the lasers
Another way of �nding the rotation angle is to use the two range �nders and some simple
geometry. If the distance between the range �nders is known, the rotation angle can easily
be found by considering the di�erence in their output. The matlab �le rotFromPGB.m
computes the rotation angle using information from the range �nders. Figure 6.4 illustrates
this solution where h is the di�erence in the output from the range �nders, d is the distance
between them and θ is the rotation angle.

6.5 Force/Displacement plot
The force/displacement plots, as described in section 3.1, are usually used to indicate how
much energy the bumper system absorbs and how much of this energy is plastic or elastic.
Since this is an essential plot in analyzing the crash tests, it may be of interest to look into
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Figure 6.4: Calculation of the rotation angle using PGB3 and PGB4.

the in�uence, if any, the problems identi�ed earlier in this chapter have on these plots. The
force/displacement plots will be found using range �nder measurements, load-cells, and the
estimated values for acceleration and position.



Chapter 7

Results and discussion

In this chapter the results of the tests described in the previous chapter are presented and
discussed. The performance of the instruments are evaluated as well.

7.1 Accelerometer measurements
The output from the accelerometers can be seen in �gure 7.1(c). It is seen that there's a
lot of noise in the signal and a bias error after impact. On the measurements in y-direction,
there's a bias error prior to the impact as well. The vibration noise is �ltered out well, but
the bias error is not possible to counter since there are no other measurements. This bias
error leads to great errors when estimating velocity and position because of the integrations
needed to obtain these estimations. In series 9266 the bias errors are particulary large. The
results for series 9266 can be seen in appendix C.1.

As can be seen in �gures 7.2(a), 7.2(b) and 7.2(c), the rotation estimates are very poor.
During the test series the rotation angle was measured with a protractor to be between 5-6
degrees.
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(d) Estimated acceleration

Figure 7.1: Results from series 9265
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Figure 7.2: Rotation angle estimation in series 9265-9267
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7.2 Accelerometer, load-cells, velocity and position mea-
surements

With the use of more sensors, the results are signi�cantly better. Since the extra sensors
all measure in x-direction we don't get any improvements in the y-direction, which is the
one of importance with respect to �nding the rotation angle. However, the vy = 0 in the
post-impact phase, prevents the drift in velocity and position in y-direction. When observing
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(d) Estimated acceleration

Figure 7.3: Results from series 9265

the estimated rotation angles in �gure 7.4, they seem random and are poor estimates. The
main di�erence from the estimates in �gure 7.2 is that the angular velocity is set to zero after
the impact, forcing the rotation angle to stabilize. Also, a change in the tuning parameters,
R and Q, contribute to a slight change in the estimation. The velocity in y-direction is
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also set to zero in the post-impact phase, which prohibits the position from drifting and the
acceleration from having an o�set error.
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(c) Estimated rotation angle (9267)

Figure 7.4: Rotation angle estimation in series 9265-9267

The estimations in �gure C.4 are quite good, but still su�er from the large biases on the
accelerometer outputs. If these are eliminated, the Kalman �lter will most likely produce
very good estimates. The best way to eliminate the bias error would be to make sure that
the accelerometers don't become subject to the large amplitude vibrations caused by the
impact. This can be done by protecting the accelerometers mechanically by using compliant
materials, such as a rubber interface pad, when mounting them. A rubber interface pad will
create a mechanical �ltering e�ect by isolating and damping high-frequency transmissibility.
If it turns out to be di�cult to eliminate these errors, additional sensors measuring the
movement in y-direction are needed. They will help the Kalman �lter estimate the bias
error. The accelerometers should, however, be replaced by new ones with a larger measuring
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range if the vibrations can't be mechanically �ltered out.
Another severe problem is that the estimation of the rotation angle depends heavily on

that the actual rotation point is very close to the one assumed in the computations. If the
assumed rotation point is far o�, the angles α1x, α1y, α2x, α2y, α3x and α3y computed in
section 3.3 will be wrong. The rotation point can roughly be found by observation of several
crash tests.



7.3 Manufactured test data 51

7.3 Manufactured test data
In �gure 7.5 it can be seen that there is a small deviation in the estimation of position
and velocity after the rotation occurs. This deviation is a result of the linearization made in
section 3.4. When more sensors are available, this deviation will decrease and the estimations
will be very good. However, if the rotation occurs in a di�erent point than where is assumed,
the estimations will grow worse. The error connected with this, depends on the distance from
the actual rotation point to the assumed one.

0 0.1 0.2 0.3 0.4 0.5 0.6
−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2
Filtered position.

Time [s]

P
os

tio
n 

[m
]

x
1

y
1

x
2

y
2

x
3

y
3

(a) Position estimation

0 0.1 0.2 0.3 0.4 0.5 0.6
−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

3

3.5

v − ω
k
*ω

Time [s]

V
el

oc
ity

 [m
/s

]

v1
x

v1
y

v2
x

v2
y

v3
x

v3
y

(b) Velocity estimation

0 0.1 0.2 0.3 0.4 0.5 0.6
0

1

2

3

4

5

6
Rotation angle

Time [s]

A
ng

le
 [d

eg
]

(c) Estimated rotation angle

0 0.1 0.2 0.3 0.4 0.5 0.6
−100

−80

−60

−40

−20

0

20

40
Filtered acceleration.

Time [s]

A
cc

el
er

at
io

n 
[m

/s
2 ]

a1
x

a1
y

a2
x

a2
y

a3
x

a3
y

(d) Acceleration estimation

Figure 7.5: Results from the fabricated series without noise and the accelerometers as the only
sensors.

In �gure 7.6 it is seen that even with a considerable amount of noise, the Kalman �lter still
yields fairly good estimates. Because the only available measurement is acceleration, a small
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error in this estimation will give large errors in velocity and position estimates. If the range
�nders and velocity measurements are used in addition, the estimates improve considerably.
This can be seen by investigating �gure 7.7 where the noise have an amplitude of about 150
m/s2. Even though the position, velocity and acceleration estimates all have improved, the
rotation angle estimation has deteriorated. This is because there are no additional sensors in
y-direction. There is, however, one additional assumption; the velocity in y-direction. This
will contribute to the error since the rotation hasn't come to a complete stop in the post-
impact phase. This argues that when the noise is within an acceptable level, this assumption
shouldn't be made.



7.3 Manufactured test data 53

0 0.1 0.2 0.3 0.4 0.5 0.6
−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3
Filtered position.

Time [s]

P
os

tio
n 

[m
]

x
1

y
1

x
2

y
2

x
3

y
3

(a) Position estimation

0 0.1 0.2 0.3 0.4 0.5 0.6
−2

−1

0

1

2

3

4

v − ω
k
*ω

Time [s]

V
el

oc
ity

 [m
/s

]

v1
x

v1
y

v2
x

v2
y

v3
x

v3
y
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Figure 7.6: Results from the fabricated series with noise and the accelerometers as the only sensors.
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Figure 7.7: Results from the fabricated series with noise and the accelerometers, range �nders and
velocity measurement.
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7.4 Finding the rotation angle using the lasers
The matlab function rotFromPGB.m is used to plot the rotation angle based on the di�erence
in the two range �nder measurements. The function is applied on each of the three series
considered and the resulting plots can be seen in �gure 7.8. If the angle is read a few samples
before the �rst range �nder goes back to showing zero, an estimate of the rotation angle can
be found. In the series 9265 - 9267, the results were 2.85◦, 5.78◦ and 5.72◦ respectively.
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(c) Rotation in 9267.

Figure 7.8: Rotation estimation based on range �nder data.

There are several sources of error in the measurements leading to the rotation angle
estimate. Because the plate that the lasers are pointed at vibrates vigorously during impact,
the data need to be �ltered. With sensible �ltering, this will not be a big problem. The
plate will always vibrate at it's own resonance frequency and a �lter can be designed to �lter
out this particular frequency. Since there is no data of interest in the frequency range over
the resonance frequency, this can be done by using a Butterworth �lter or a simple low-pass
�lter. The Butterworth �lter is outlined in Appendix D. If the vibrations could be removed,
or at least reduced, the range �nders will produce readings with a good margins of error
(±0.5 mm).

Another possible problem occurs when one of the range �nders is placed on the �oor
beneath the barrier. In some cases, it can be knocked out of position by the test vehicle
during a crash test and yield an erroneous output. The horizontal distance between the two
lasers should also be measured carefully.

During the test-series 9265-9267, the distance between the range �nders were unknown.
In order to obtain the estimate, a guess based on �gure 5.2 is made. A data set of three
test-series is also not enough to determine if the algorithm is e�ective, although, it gives
indications that it might work satisfactory. If the range �nders are to be used in the rotation
angle estimation, it is advised that a device with two lasers mounted on it is built. That
way the distance between them will stay constant and the laser beams will be parallel. The
laser should be pointed at the area of the vehicle's front-plate where the vibrations are least,
i.e. the lower part.



56 Results and discussion

7.5 Force/Displacement plot
The force/displacement plots from crash test series 9265 are shown in �gures 7.9 and 7.10.
In �gure 7.9(a) the mean value of the three estimated acceleration measurements are used
together with the range �nder measurements. The blue plot uses the lower range �nder,
while the red uses the upper. In �gure 7.9(b) the estimated position is used together with the
estimated acceleration. Each acceleration measurement is plotted together with its respective
position estimate. In order to �nd the force from the acceleration measurements, Newton's
2nd law is used, i.e. the vehicle's mass is multiplied with the acceleration measurements.
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Figure 7.9: Force/displacement plots using di�erent measurements.

In �gure 7.10 the range �nder measurements together with the load-cell measurements
are used in the plots. As in �gure 7.9(a), the blue plot represents the lower range �nder,
while the red one represents the upper. In �gure 7.10(b) the error in the upper range �nder
measurement has been tried corrected using the method described in section 6.1.2. It can
be seen from these plots that the rotation has very little impact on the appearance of the
force/displacement plots. The reason for this, is that the rotation doesn't take place before
after the impact is �nished, and the force is close to zero. The di�erence between the red
and the blue plot in �gures 7.9(a), 7.10(a) and 7.10(b) is a result of the di�erence in the two
range �nder's measurements.

The time delay in the load-cells have been taken into account by adjusting their mea-
surements 15 samples relative to the position measurements. Observations of the load-cells
have suggested that this is roughly the value of the time delay.

It is seen from the �gures that the estimated acceleration and load-cells measurements
gives two clearly di�erent plots. However, the maximum value is about the same in all plots,
and the total energy is very close as well. The most distinctive plot is �gure 7.9(b) where
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(a) Force/displacement plot using load-cell and range
�nder measurements.
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(b) Force/displacement plot using load-cell and range
�nder measurements with rotation correction.

Figure 7.10: The e�ect of the rotation on the force/displacement plot.

the displacement is signi�cantly larger than in the other plots. This is due to the estimation
error in the position estimate.

Because the accelerometer measurements are the ones with the most noise and bias
error, it is probable that the plots in �gure 7.10 are the most correct ones. However, if the
improvements suggested in section 7.2 are implemented, the estimated values will provide a
much more trustworthy force/displacement plot.

7.6 Evaluation of the sensors and possible improvements
in hardware

Accelerometer
It can be seen from �gure C.4(c) that the frequency of the measurements are at least 5000
Hz. It may be larger, but that cannot be decided since the sample rate is 5000 Hz. The
accelerometers have a frequency range up to 5000 (±10%) Hz, which is to little. As men-
tioned in section 2.2, only the lower 20% of the frequency range should be used for accurate
measurements.

The amplitude of the signal is also to high. The same recommendations as for frequency
range apply for the measurement range, i.e. use only the lower 20% of the measurement
range. In this case this is not satisfactory as the measurements frequently exceed the ac-
celerometers' maximum measuring value of 50 g's.

If, however, the high-frequency vibrations can be damped before they reach the ac-
celerometer, the existing accelerometers comply with the recommendations stated in section
2.2. This can be done by using an adhesive mounting base or a rubber interface pad. If
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this is not possible, the existing accelerometers should be replaced by new ones that can
withstand signals with higher frequencies and amplitudes.

Load cells
Except from the time lag, the load cells perform very well. When it comes to measurement
range and overload capacity, they are accurate and well within the safety-margins. No
changes need to be done.

Velocity measuring unit
The velocity measuring unit only measures the impact speed, but seems to do this well. From
inspecting �gure 5.1, it seems that the pulses are coming very closely before the impact, which
may lead to some problems when computing the velocity at great speeds. However, it has
been giving consistent results and seems to be working properly at the speeds under which
the tests has been performed. If the test-facility at Raufoss in the future plans to run tests
at greater speeds, it might be a good idea to modify the velocity measuring unit. To achieve
greater accuracy at both low and high speeds, increasing the update-rate from the laser will
be a good solution. A cheaper and just as good a solution, might be to change the distance
between the bars in the grating. By doing this, a problem that occurs when the speed
requires an update rate close to 5000 Hz, is avoided. This problem will arise very quickly as
we only have 5 measurements of one pulse at 5000 Hz if the speed is 18 km/h.

Range �nders
The range �nders work satisfactory for their present purpose, but if they are to be used in
the solution presented in section 6.4, some modi�cations need to be done. First o�, there
should be two range �nders mounted on a common platform which preferably is mounted on
the �oor. If it's mounted on the barrier, vibrations from the impact may interfere with the
measurement. The distance between them should not be to short. If it is, the estimation will
depend much more on the accuracy of the range �nders rather than the measured distance
between them.



Chapter 8

Conclusions and recommendations

In this chapter, the results from the crash tests are summarized and suggestions for future
work are made.

8.1 Conclusion

Because the vibrations in the test vehicle most likely have frequencies larger than the ac-
celerometers' frequency range, they will introduce errors. The amplitude of these vibrations
are also close to what the accelerometers are capable of measuring. These vibrations should
be �ltered out mechanically before they reach the accelerometers by using an adhesive mount-
ing base or a rubber interface pad. If they can't be �ltered, the accelerometers need to be
replaced with new ones with greater measurement and frequency range.

It is shown that the Kalman �lter's estimations improve considerably when more sensors
are used. Unfortunately, none of the additional sensors measure in y-direction, which is the
important direction with respect to estimating the rotation angle. With the current data,
the Kalman �lter yield poor results. The manufactured data set shows that the Kalman �lter
performs well with white-noise signals and that the linearized model performs satisfactory.
Since the Kalman �lter is a software solution, it will be cheap to implement. However, some
improvements need to be done with the accelerometers in order to use the it.

The rotation angle can also be found by using two range �nders. This method is very
straightforward and needs little software implementation. The two range �nders should be
mounted on a rigid device for best performance.

It is also shown that the angular displacement has little e�ect on the force/displacement
plots. The reason for this, is that the rotation occurs after the impact has �nished.

The remaining sensors perform satisfactory, but the time delay in the load-cell measure-
ments need to be compensated for. Indications suggesting that the velocity measuring unit
might have problems computing high velocities, are also found.
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8.2 Future work
It is recommended that the accelerometers are mechanically damped, either by using some
kind of mounting base or a rubber interface pad. Then the Kalman �lter should be utilized
to see if it provides satisfactory estimates. The solution using range �nders to identify the
angular displacement should also be implemented and tested. This is an easy-to-understand
solution which probably will provide good results.

The consequences of the angular displacement should be properly mapped so that the
insecurity it introduces can be accounted for.

The algorithm used by the velocity measuring unit to calculate the velocities, should
also be looked closer into to make sure it copes with calculating the velocity after impact.
It performed well on the test-series available during the writing of this thesis, but since its
primary objective is to calculate the impact speed, it would be wise to check the validity in
the post-impact phase.

It is recommended that the range �nder solution is implemented and the Kalman �lter
is tested again after the vibration problem is solved.
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Simulink models
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Figure A.1: Top-view of the Kalman �lter in the Simulink diagram.
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Comparison of test-series.
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Figure B.1: Comparison of the acceleration measured in x-direction with accelerometer 1. The
red lines indicate where the impact starts and ends.
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Figure B.2: Comparison of the acceleration measured in y-direction with accelerometer 1. The
red lines indicate where the impact starts and ends.
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Figure B.3: Comparison of the acceleration measured in z-direction with accelerometer 1. The
red lines indicate where the impact starts and ends.
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Figure B.4: Comparison of the acceleration measured in x-direction with accelerometer 2. The
red lines indicate where the impact starts and ends.
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Figure B.5: Comparison of the acceleration measured in y-direction with accelerometer 2. The
red lines indicate where the impact starts and ends.
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Figure B.6: Comparison of the acceleration measured in x-direction with accelerometer 3. The
red lines indicate where the impact starts and ends.
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Figure B.7: Comparison of the acceleration measured in y-direction with accelerometer 3. The
red lines indicate where the impact starts and ends.
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Plots from the results

C.1 w/ only accelerometer
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Figure C.1: Results from series 9265
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Figure C.2: Results from series 9266
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Figure C.3: Results from series 9267
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C.2 w/ accelerometer, load-cells, position and velocity
sensors
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(e) Estimated acceleration minus bias.

Figure C.4: Results from series 9265
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Butterworth �lter

The n-th order Butterworth �lter is (Fossen 2002):

(n = 1) hlp(s) =
1

1 + s/ωf

(D.1)

(n = 2) hlp(s) =
ω2

f

s2 + 2ζωfs + ω2
f

; ζ = sin(45◦) (D.2)

(n = 3) hlp(s) =
ω2

f

s2 + 2ζωfs + ω2
f

· 1

1 + s/ωf

; ζ = sin(30◦) (D.3)

(n = 4) hlp(s) =
2∏

i=1

ω2
f

s2 + 2ζiωfs + ω2
f

ζ1 = sin(22.5◦), ζ2 = sin(67.5◦) (D.4)

where n denotes the order of the �lter while ωf is the cut-o� frequency. A higher-order
low-pass �lter implies better disturbance suppression of the price of phase lag.
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Data sheets
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Figure E.1: Data Sheet of the accelerometer 625B01.
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Figure E.2: Data Sheet of the accelerometer 629A31.
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Figure E.3: Data Sheet of the load-cells. The one used on the test facilities is U4200.
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Figure E.5: Model 356A12 Spec Sheet.
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Figure E.6: Model 352C23 Spec Sheet.
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Figure E.8: Model 3703D1FE50G Spec Sheet.
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Figure E.9: Model 650A10 Spec Sheet.



Appendix F

CD-ROM contents

Figure F.1: CD-ROM contents.

F.1 Plots
All the plots from the simulations are in the �le 'Plots'. The simulations with accelerometer
as only sensor are in the �le 'acceleration', which has the sub�le 'ManuK0' that contains
the plots from the manufactured input signal without noise. 'accLoadVel' contains the
plots from the simulation with all sensors except the range �nders. The results from the
Kalman �lter simulation with all sensors are in the �le 'accLoadVelPos', while 'manufac-
tured_with_Knoise2' contains the plots from the manufactured input signal with noise.



86 CD-ROM contents

'FD' contains the force/displacement plots, and 'Compare' contains the raw output from the
accelerometers in every direction.

F.2 Matlab �les
accKalmanScript.m Main �le for the Kalman �lter using only the acceleration measure-

ments. Uses the �le accKalman.mdl.

accLoadVelKalmanScript.m Main �le for the Kalman �lter using acceleration, load-cell
and velocity measurements. Uses the �le accLoadVelKalman.mdl.

accLoadVelPosKalmanScript.m Main �le for the Kalman �lter using acceleration, load-
cell, range �nder and velocity measurements. Uses the �le accLoadVelPosKalman.mdl.

compare.m Compares plots from di�erent test series.

correctedForceDisplacement.m Function to compute the new PGB measurements with
rotation correction.

determineRotation.m Determines when the rotation takes place

generateSignal.m Generates the manufactured data to test the Kalman �lter's perfor-
mance.

Hastighet.m Function for computing the impact velocity.

loadAcceleration.m Creates *.m �les with the acceleration measurements from the *wk1
�les containing all sensor data.

loadLoadcells.m Creates *.m �les with the load-cell measurements from the *wk1 �les
containing all sensor data.

loadPosGiverBar.m Creates *.m �les with the range �nder measurements from the *wk1
�les containing all sensor data.

loadVelocity.m Creates *.m �les with the velocity measurements from the *wk1 �les con-
taining all sensor data.

plotCompare.m Plots the results from compare.m.

rotAcc.m Function to generate the manufactured angular acceleration.

rotFromPGB.m Calculates the rotation from range �nder measurements.

accKalman.mdl Simulink model for accKalmanScript.m.

accLoadVelKalman.mdl Simulink model for accLoadVelKalmanScript.m.
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accLoadVelPosKalman.mdl Simulink model for accLoadVelPosKalmanScript.m.

fabrication.mdl Used in the making of the manufactured data set.
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