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Abstract
In this study, GMR Sensor AAH002-02E is used along with a standard permanent

(Neodymium) magnet, Response of sensor is observed along a linear range and is
calibrated for this standard magnet. GMR sensors have the ability to measure
vibration without contact as they can detect variation induced in magnetic field. So,
these sensors are widely used for vibration detection and measurement. Cantilever
beam type system was used and an initial disturbance was applied at the free end of
this cantilever beam which introduced vibration in beam. The data is collected
through DAQ card. Initially the signal is in voltage vs time format which is then

converted to distance vs time to visualize the motion.

Key Words: GMR, SI, GMR Sensor, Vibration measurement, Analog Magnetic
Sensor
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Chapter 01

Introduction to System Identification

Inferring models from observation and studying their properties is really what
science is all about. The models ("hypotheses.” "Laws of nature,” "paradigms,” etc.) may
be of more or less formal character, but they have the basic feature that they attempt to link
observations together into some pattern. System identification deals with the problem of
building mathematical models of dynamical systems based on observed data from the
system. The subject is thus part of basic scientific methodology, and since dynamical
systems are abundant in our environment, the techniques of system identification have a
wide application area.

1.1 Brief History

The early work in system identification was developed by the statistics and time
series communities. It has its roots in the work of Gauss (1809) and Fisher (1912) and the
theory of stochastic processes but the state-space era started in 1960 with Kalman’s key
papers. Kalman developed a model-based theory for prediction, filtering and control. A
Kalman filter is an optimal estimator i.e., it infers parameters of interest from indirect,
inaccurate and uncertain observations. It is recursive so that new measurements can be
processed as they arrive. (Batch processing where all data must be present). As a result

e Kalman filter replaces Wiener filter

e Pole placement and LQG control

e Applications initially in areas where good models are available (aerospace, mechanical,
electrical systems)

This caused a growing pressure to apply these modern techniques to areas where
models are not available from physics. As a result, the need for System Identification
became ever more evident.

1.2 System

To understand system identification, we first need to understand what is a system.
To put it simply, a system is basically an object where variables of different kind interact
to produce an observable signal. This observable signal that we get at the end is called
“output of the system” or simply “output”, this product of the system is of interest for us.
The output of the system is affected by external stimuli usually controlled by the observer
and is called “Input of the system” or simply “input”. Other signals that are unwanted in
our system and effect our output and is not in control of the observer is called disturbance.
Some of these disturbances can be directly measured while other can only be observed by
their influence on the output signal. The disturbances that can be measured directly are of
little consideration because they can be easily filtered out or catered for. Figure below
shows a system with both measured and unmeasured disturbances.
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W

L J

L 4

L J

Figure 1: A Dynamic System

Figure shows a system with output ‘y’, input ‘u’, measured disturbance ‘w’ and
unmeasured disturbance ‘v’. The concept of a system is broad and it plays a vital role in
modern science. Most of the modern-day problems are solved in a system-oriented
framework.

1.3 Identification
Identification is the task of constructing a dynamic system that can predict the
output of this dynamic system. Just like there are different kind of disturbances, there are
also different kind of systems. Some systems have user defined inputs and noise while
others are only driven by disturbances. The model developed by the system identification
is supposed to deal with all these different kinds of system.

W

u System ¥

w

Figure 2: System driven by Input and noise

w System ¥

L 4

Figure 3: System driven by noise only
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1.4 System ldentification in Engineering

1965, ldentification techniques made their debut in engineering when Ho and
Kalman constructed linear state space variable method from input-output data which gave
birth to realization theory and subsequently ‘subspace identification’, at the same time
Astrom and Bohlin’s Numerical identification of linear dynamic systems from normal
operating records gave birth to ‘Prediction Error Identification’. Since then, multiple
methods have been developed to help with the process of SI, but most prominent of these
methods remain State Space method and Input/Output (1/0) method until 1975. State
space model is based on Hankel matrix factorization. This method is easy but not optimal
and there is no need for parametrization. Input/Output method is based on minimization of
prediction error criterion. This method is slower but much more optimal. This method
requires choice of model structure and allows characterization of variance errors through
Fisher information matrix. After 1975, PE technigque took over mainly because of increased
computational speed which catered for the time needed for it. But again in 1990’s Hankel
matrix approach (subspace state-space method) re-emerged.

A lot of work has been done on system identification but the major setback still
remains the search for the best model structure. Modeling and identification cost for any
advanced control design is roughly around 50 to 75% of the total projects.
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Chapter 02

System Identification of Vibrational System using GMR Sensor

GMR was first discovered in 1986 after that it has been very effective in the field
of physics and engineering. Many researchers are working on GMR and countless
publication have been made in the field. Some of the researches that were vital in the field

are mentioned here.

Literature Review

2.1 Vibration Detector based on GMR Sensors

In 2007, a journal was published by ‘Polytechnical University of Valencia, SPAIN’,
in which they introduced a new way to measure the vibrations. Up until that, vibrations
were usually sensed by their displacement, velocity or acceleration but they measured
vibration by the amount the body introduces the magnetic field variations. They used
SS501 GMR magnetic sensor for this purpose. The idea behind was, Earth’s magnetic field
is constant over a wide area but small ferromagnetic pieces can disturb this field by some
amount which is detectable by GMR sensor. They build an array formation of sensors
detecting field over all three axes from the senso. The block diagram showing the array is

shown underneath.

(Generalized
Impedance
Converter
(GIC)
Electronic Conditioner
T
GMR gensor [Differential Band | Instrumentation Adfiva Filte:
(X axis) Pass Filter Amplifier
Electronie Conditioner
GMR sensor |Differential Band| | Instrumentation | A\ ctive Filter
(Y axis) Pass Filter Amphifier
Electronic Conditioner
GMR sgensor Differential Band J Instrumentation S L O
: : S : Active Filter
(7 axis) Pass Filter | Amplifier

Sensor Array
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Figure 4: Block diagram of the vibration detector architecture
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They took a small drilling machine and tested their setup to measure the rotation
speed and disturbance caused by it in various scenarios over all 3 axes. The experiment
was successful and the GMR sensor was capable to detect the small perturbations in earth’s
magnetic field caused by the drill machine.

Typical @5mm drill bit turning at 1800 rpm (30 Hz) hardly misaligned
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Figure 5: Power spectrum at varying frequency for hardly misaligned drill

Typical @5mm drill bit turning at 1800 rpm (30 Hz) strongly misaligned
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3 £ H
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Figure 6: Power spectrum at varying frequency for strongly misaligned drill

Drill bit was rotating 2cm above the sensor. In the 2" case it is kept intentionally
misaligned which reveals several differences in its signature spectrum. In the end, it is
concluded that GMR sensors are sensitive enough to detect vibrations even in small
machines like drill machine. This is quite appealing to the us as sensor has small power
consumption and low manufacturing cost and can be easily used in portable systems.
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2.2 GMR sensor for seismic exploration

In 2019, research was conducted on the effect of vibration sensors based on GMR
effect in College of Instrumentation and Electrical Engineering, Jilin University,
Changchun 130061, China. GMR sensor chip SS501 A was used in the research. The

sensor was calibrated using a vibration table and the effective bandwidth range was noted
between 6 Hz - 254.2 Hz.

Figure 7: Experimental environment

The experiment indicated that the sensor has a wide bandwidth with a stable output.
Experiment was conducted the output of the sensor for seismic vibration was compared

with a moving coil geophone and it can be seen that the signal obtained by the GMR sensor
is higher than that of a moving coil geophone.

Comparison diagram
25 -

—=&—GMR geophone
—&— moving-coil geophone
2
— g - . n ] =
w15
E
=
2
5 1
[s]
— ' A 4 4
05
D 4
3 4 5 ] 8 10 20 30 40 50

Figure 8: Comparison of a GMR senso?gh‘crr'r{o;ing coil geophone output
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2.3 GMR Magnetic field measurement at increasing Temperature Conditions

In 2020, School of Engineering, London South Bank University, London, UK,
research was conducted to study the thermal stability of the GMR sensors. A commercial
GMR sensor was used to measure the magnetic field response of the system. The worked
aimed to act as fully operational evidence of the application, keeping in mind the standard
mode of operation and to improve the sensitivity. NVE AA002-02 sensor was used for this
experiment. 6 tests were conducted starting from room temperature and then increasing 10
OC for every experiment. The vibration setup they used and the Variation in sensor output
with respect to the temperature is shown below,

| High B )
| Temperature : Oscilloscope
% Oven Permanent i
! Magnet |
Holder ! > ; DC power supply
Harsh —» .
Environmenﬂ i
i Safe
! i Environment

Figure 10: Actual setup using GMR sensor
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Change in voltage vs Temperature

108

103

98

Change in Voltage(mV)

93

30 40 50 60
Temperature("C)

Figure 11: Voltage change vs Temperature

Evidentially the sensor catalog also provided a temperature dependent survey for
the AA002-02 sensor and the output is shown below,

o o
N w

Sensor Output (V)
o

Sensor Output (V)

0 0 20 -20
Applied Magnetic Field (Oe) Applied Magnetic Field (Oe)

Figure 12: Sensor response at constant current drive and fixed voltage supply

At the end, it can be concluded that, GMR sensor AAH002-02 sensor has an
excellent temperature stability especially with a constant current drive. It can precisely
work at high temperatures up to 80 degrees as per this study meanwhile the sensor catalog
claims it has a temperature stability until 150 degrees.
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2.4 Detecting small defects in conductive thin metallic layers using GMR

Sensor

In this research, injected AC current techniques and GMR are used to detect defects
in conductive thin metallic layers. The defects were the size of a few hundred micrometers.
AC current is injected in between two metallic layers and the perturbations that appear due
to a defect are detected using the GMR sensor. A silicon wafer with copper metallization
of few micrometers in thickness was used. A 2.5mm long scratch was created on the sheet
with a width of 0.2mm. Two measurements were conducted for this setup, one with the
sensitive axis parallel to the scratch and one with sensitive axis perpendicular to the scratch.
Defect was successfully detected in both cases with a signal to noise ratio (SNR) way over
3 which is the minimum required.

e

.-' ' ].
GMR Sensor ———®.

Yoy

Figure 13: Experimental setup

Z
Z
X
X
Sensitive axis of GMR Y
Sensitive axis of GMR sensor e sensor is parallel to

is perpendicular to scratch scratch i

Injected current Injected current

mm=nlles e

~—~ ~ -
-~ ooz N D e e s e e S i e
cneee Ecoeemses==uEE | 090909090900 1 R s ensemaus

2.5 mm scratch

(=]

.5 mm scratch

Figure 14: Setup with sensitive axis perpendicular to the scratch (Left) and parallel to the scratch (Right)
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Results obtained from these setups are shown below

2l scratch

0 2 4 6 8 10 12 0 2 4 6 8 10 12
% (mm) X (mm)

Figure 16: Map obtained from scanning the sensor over a copper wafer where the sensitive axis was perpendicular to the scratch (Left)

and parallel to the scratch (Right)

0.35
03 A
0.25 / \
02 [
' R
0.15
0.1 _ _
0.05 / '\\\ \‘/_/
-0.05

sensor output (V)

distance (mm)

Figure 15: Comparison of signal output by changing orientation of sensitive axis

As shown in the graph above, when the sensitive axis of the sensor was parallel to
the scratch, a voltage output as high as 0.33V was obtained which has a SNR ratio of 66
but even when the sensitive axis was perpendicular the SNR remained at 26.

It is concluded in this study that GMR sensor can be used to defect even small
defects in conductive thin films. By using another sensor which has a better cross axis
sensitivity such as Aah002-02e, we can improve our signal strength even further.
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2.5 GMR sensor in medical
GMR sensor are also being used in medical setups. One such example is the
research of Nithyaselvakumari in 2020 in which she attempted ‘Preclinical diagnosis of
asthma with GMR sensor and RADWT algorithm’. Asthma is a very common chronic
disease which cause difficulty in breathing. Even though it’s a very common disease the
early diagnosis is always a problem because its symptoms are often confused with common
cold. In this paper a noninvasive method to detect asthma in early stage is proposed.

The lungs are blocked because of mucus forming in the lungs. The mucus is a
combination of water, potassium chloride, proteins, electrolytes, calcium, phosphate,
sodium bicarbonate, magnesium and lipids. The mucus causes varying magnetic field
either by accumulating or by dynamic flow. The magnetic emission directly proportional
to this accumulation or dynamic flow. Normal and constricted air lungs is shown below

‘Inflamed Lung
and Airway

Normal Lung
and Airway

Figure 17: Normal and constricted air lungs

Figure 18: Spin tropic GMR sensor

Figure 19: GMR sensor placed on lung for Asthma detection
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Figure 20: RADWT decomposition of a normal person mucus bio magnetic signal
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Figure 21: RADWT decomposition of an intermittent asthma person mucus bio magnetic signal

The patient was having wheezing condition 2-3 times a week. GMR sensor
captured the mucus magnetism which shows influence of accumulated mucus on subband
2 and 3.
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Chapter 03

Vibrational Systems

Vibration is a mechanical phenomenon in which oscillations occur around an equilibrium
point. It occurs when a body is displaced from its equilibrium position. Vibrations are
sometimes desirable for example when we want to produce sound, basically all music
instruments and working on the basis of this vibration. On the other hand, in some
applications it is very undesirable. For example, vibrations of a particular frequency can
indicate a fault in a system or component, it can be commonly observed in automobiles. In
any case, it is essential to sense these vibrations as they are prevalent in essentially every
industry.

3.1 Natural and Damped Vibrations
Vibrations of mechanical systems can be classified most simply in two
characteristics i.e. If this vibration is free or forced and the amount of damping in the
system. A free vibration is the one in which a system is displaced once but after that there
is no external force that keeps the body in motion. This vibration is caused by an initial
displacement and then it is free to oscillate at its natural frequency. An example of free
vibration is plucked guitar string. A Forced vibration is the one when an alternating force
or motion is applied to a system. This external force is being applied constantly and the
body’s vibrating frequency and amplitude is controlled by this force. Example of this type
of vibration is shaking of a building due to an earthquake. The amplitude and frequency of
the vibrations are determined by the earthquake and not the building. In the most general
case, a vibrating system can be modeled by a second order linear system with mass M,
damping coefficient D, stiffness K, and external force F.
d%x
dt

M+ DS+ Kx=F (3.1
Damping is the amount of friction that acts on the system to dissipate the
energy of the system. A system can be categorized as undamped, underdamped, over
damped or critically damped. Undamped system keeps on oscillating indefinitely at a
constant amplitude. Under damped system will oscillate with a decreasing amplitude
until it reaches equilibrium. Critically damped and over damped system will both
come to equilibrium without oscillating, the difference between them is that the
critically damped system will take the least amount of time to reach equilibrium. The
amount of damping in a system is best described by the damping ratio, . The damping
ratio is given by:
D
$=rrem

(3.2)
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This ratio varies form undamped ({ = 0), underdamped ({ < 1), critically-damped
(C=1), and overdamped ({ > 1). Effect oof damping on vibration is shown in the figure

below.
L] 'I T | L] | T L | T r T
2.0 \
1.5
—_ |
1.0 /—x‘
= — \\ﬂ" .
0.5 \
a.0
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0 bui 2n 3n 41

wnt / rad

Figure 22: Effect of damping on Vibrations

It can be seen from the figure that as { increases from zero, the oscillation amplitude
decreases at a faster rate. If { goes above one, the signal does not overshoot, but takes
longer to reach equilibrium than the critically-damped case ({ = 1).

Equation (3.1) can be rewritten to include on and ( as follows:

d? d
d_;‘ + 2z;wnd—’: +wy?x = F (3.3)

In addition to altering the amplitude of vibration, the damping ratio also shifts the
frequency of vibration. The new frequency is called the damped natural frequency:

Wy = wp/1 -T2 (3.4)

26



System Identification of Vibrational System using GMR Sensor

3.2 Degree of Freedom

Degree of freedom is the number of directions in which a particle can move freely
or the total number of coordinates required to describe completely the position and
configuration of the system. These localized coordinates that are required to fully describe
the motion of a system are known as generalized coordinates, they can either be Cartesian
or non-Cartesian coordinates. System that only need one coordinate system to define the
whole system have degree of freedom equals to 1. Examples of single degree of freedom
are as follows

ANNNNRNNNNN

m

;//%;///1

LLLLLL L L LS LLL L

(a) Slider-crank- (b) Spring-mass system (c) Torsional system
spring mechanism

Figure 23: Examples of single degree of freedom systems

Systems can also have degree of freedom other than one. Examples of multiple
degree of freedom system are shown below.

/é‘\
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kg /
ms

Figure 25: 3rd degree of freedom system

3.3 Linear and non-linear system:

All real systems are non-linear up to some extent and are dealt with nonlinear
differential equations. System will be called linear if all of its components e.g., mass, spring
and damper etc. in a mass spring damper system behave linearly. Most of these non-linear
systems can be made linear by restricting its range and smoothing out the non-linearities.
Linear system is simple and easy to deal with. A linear system can be represented in the
form of x = AX, where X represents states and A itself represents the system matrix.
However, if any of the components starts behaving non-linearly then the whole system will
be considered as non-linear.

Penodic, Quasi-periodic

Linear ‘ \J Time system ] /‘k, \'\/[\/\/\ ~* Chaolic

¢ V4
L AT

Frequency
Freauencv
Figure 26: Linear and non-linear system
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Chapter 04
GMR

Giant magnetoresistance (GMR) is a quantum mechanical magnetoresistance effect
observed in multilayers composed of alternating ferromagnetic and non-magnetic
conductive layers. In 2007, Albert Fert and Peter Grunberg received the Nobel prize in
Physics for their discovery of GMR. They observed that, depending upon the
magnetization of adjacent ferromagnetic layers (parallel or anti parallel) a very significant
change in resistance takes place. For parallel alignment, the overall resistance is relatively
low. For antiparallel alignment, overall resistance is relatively very high. By applying an
external magnetic field, the direction of magnetization can be controlled. The effect takes
place because of electron scattering dependance on spin orientation.

GMR effect found its main use as magnetic field sensors. These are used to read
data on hard disk drives, microelectromechanical systems (MEMS) and other devices.
Magneto-resistive random-access memory (MRAM) uses GMR multilayer structure as
cells that store one bit of information.

Imagine a non-magnetic layer sandwiched in two magnetic layers. Take a look at the
picture below

Free
Layer =~

Conduction
Laver ~ ..
e ’
™ Pinned
Layer

Figure 27: GMR Phenomenon

The balls represent electrons, the middle layer is non-magnetic conduction layer
and it needs to be thinner than the mean free path of conduction electrons which is only a
few nanometers. The top layer is called the free layer because its electron spins are free to
change the direction of orientation. The bottom layer is the pinned layer or reference layer
because its spin orientation is fixed when the device is made. In this state the electrons spin
in opposite directions in the top and bottom layers which causes the electrons in the middle
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to scatter increasing resistance. But when a magnetic field is applied to this system as
shown in the figure below, its resistance drops significantly.

Figure 28: Low resistance of GMR after applying magnetic field

When a magnetic field is applied, electron spins in the free layer switch direction,
conduction electrons scatter less and as a result a significant resistance drop takes place.
The magic of GMR is turning the esoteric property of electron spin into resistance which
can be used by conventional electronics.

4.1 History
GMR sensor was discovered in 1998 by Peter Griinberg of Forschungszentrum
Jilich, Germany and Albert Fert of the University of Paris-Sud, France, independently.

Considering the significance of their discovery they were awarded a Nobel prize in Physics
in 2007.

Grinberg and Fert studied the electrical resistance of various structures including
ferromagnetic and non-ferromagnetic materials. Fert work was on multilayer structures.
The Fert group used (001) Fe/ (001) Cr superlattices wherein the Fe and Cr layers were
deposited in a high vacuum on a (001) GaAs substrate kept at 20 °C and the
magnetoresistance measurements were taken at low temperature (typically 4.2 K).
Meanwhile, in 1986 Grunberg discovered the antiferromagnetic exchange interaction in
Fe/Cr films. He worked on multilayers of Fe and Cr on (110) GaAs at room temperature.
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R f Rin=n
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Figure 29: The founding results of Albert Fert and Peter Griinberg

(1988): change in the resistance of Fe/Cr superlattices at 4.2 K in

external magnetic field. The arrow to the right shows maximum r
esistance change. Hs is saturation field.

4.2 Materials and experimental data
GMR phenomenon is exhibited by many materials, and the most common are the
following:

o FeCr
e (Coq9Cugy: 65 = 40% at room temperature
e [110] Cogs: Fes: ICu: 85 = 110% at room temperature

Magnetoresistance depends on many factors such as geometry, temperature, thickness of
both ferromagnetic and non-magnetic layers. Using a cobalt layer of 1.5 nm at 4.2K
temperature, by increasing the thickness from 1 to 10 mm decreases the &, from 80 to
10%. Meanwhile the best 6,was observed for thickness 2.5nm. When the temperature of
a Co(1.2 nm)/Cu(1.1 nm) superlattice was increased from near zero to 300K, its &y
decreased from 40 to 20% for current in plane geometry and from 100 to 55% in current
perpendicular to plane geometry.
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4.3 Types of GMR
Classification of GMR is done based on the type of device that exhibits the effect

4.3.1 Multilayer

In multilayer GMR, two or more magnetic layers are separated by an insulating
layer. Insulating layer in non-magnetic and is generally very thin, up to approx. 1nm.
Ferrite is often used as magnetic layer whereas chrome is used as insulating layer. At
certain thickness, the coupling between adjacent ferromagnetic layers becomes
antiferromagnetic, which makes it preferable to align the magnetization of layers in anti-
parallel direction. This could result in 10% change in electrical resistance.

{—— magnetization

—_—
=

Figure 30: Multilayer structure

4.3.2 Spin Valve

In spin valve GMR, two magnetic layers are separated by an insulating layer.
Insulating layer in non-magnetic and is very thin, up to approx. 3nm. Copper and an alloy
of Nickel and iron are often used as in spin valve GMR. Spin valve GMR is the most useful
sort for hard drives

-3 current direction

—»

{,%//Z/,// 7

Figure 31: Spin Valve GMR
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4.3.3 Granular GMR

Granular GMR is the effect that occurs in solid precipitate of magnetic material in
a non-magnetic matrix. It has only been observed in copper containing grains of cobalt.
The reason is copper and cobalt are immiscible. Their properties strongly depend upon
annealing temperature and measurement. They can also exhibit inverse GMR.

TN

Figure 32: Granular GMR
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Chapter 05

GMR Sensor, Properties, Assembly & Calibration

5.1 Sensor
The sensor used for this study is NVE’s AAH002-02e. Main features of this sensor are its
high sensitivity, excellent temperature stability and small size. It has a Wheatstone bridge
analog output and can work in high temperature conditions up to 150° Celsius. Sensor has
a Magnetometer configuration and can perform operations in near-zero voltage.

Figure 33: AAH002-02E sensor

Figure 34: Sensor in real life
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5.2 Sensor Properties
The equivalent circuit and idealized transfer functions are shown below.

V+ (Supply)

5

s
I

V- (GND)

OUT-
OUT+

Figure 35: Equivalent Circuit

Output

Field
AA-Series

Magnetometer
Transfer Function

-~

Figure 36: Transfer function of the sensor

NVE’s AA series sensors are magnetometers which detect the absolute
magnetic field as contrary to AB series which are gradiometers and detect field
gradients. The sensors are configured as inherently temperature compensating
Wheatstone bridges.
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5.2.1 Sensor Operating Range
Operating Specifications of the sensor is shown in the table below

Parameter Symbol min Typ max units
Supply voltage Vce 12 volts
Operating temperature T 150 °C
Output at max field \ 40 mV/V
Non-Linearity 4 %
Hysterisis 15 %
Frequency Bandwidth fmax 75 KHz
Jur]ctlon Ambient thermal On 240 /W
resistance
Power Dissipation Po 675 mwW

Table 1: Operating conditions for AAH002-02e

5.2.2 Sensor properties Comparison
On comparing our GMR sensor with other GMR sensors of NVE, we obtained the
following table listing their properties relatively

AAXXX/ AAHXXx/
Parameter ABXXX ABHXXX AAKXXX AALXXX
Field Sensitivity High Very High Low High
Operating Field Range High Low Very High Medium
Hysteresis Medium High Medium Low
Max. Temperature High Very High Commercial High

Table 2: Comparison of properties of Various GMR sensors
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5.2.3 Direction of Sensitivity
GMR sensor have the direction of sensitivity in the plane of the package. It is a lot
more convenient for many applications. Example of these orientation is shown
below

Figure 37: Planar Magnetic Sensitivity

5.2.4 Magnetic field polarity
GMR sensor is ‘omni polar’. This indicates that it will be equally sensitive to either
magnetic field polarity and the output will always be a positive value.

Output

< >
Field

Figure 38: Omni polar response of GMR sensor
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5.2.5 Directional Sensitivity
GMR sensor has both, standard and cross axis sensitivity

2

-4

Slandard Sensilivity

-

Cross-Axis Sensilivily

Figure 39: GMR sensor, Standard vs Cross axis
sensitivity

5.2.6 Performance graphs
GMR sensor performance at different temperature is shown below

Sensor Qutput (V)

04
400
I T
_ &80
850
0.2 t-—-mmmmmmm b o
B _ 1250
R fi e r e
|
K
0 s
-20 0 20

Applied Magnetic Field (Oe)

Sensor Output (V)

0.4
400G
0.3 -——-——"=s g -mm o s
L 250
. TRy NP i PP L=
| 1256
01f-—""""""""--77 ‘.I"I" -------------
0 k
-20 0 20

Applied Magnetic Field (Oe)

Figure 40: GMR sensor response at different temperatures at constant current drive and constant voltage supply
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5.2.7 Part Numbering
GMR sensors naming convention used by NVE is shown below. Just by
reading the name you can have a fair amount of information about the sensor.

H002-02E

AA
J

Base Part
AA = Analog

Subtype

Magnetometer Sensors

AB = Analog Gradiometers

Blank = Standard

Sensitivity Direction

H = High sensitivity
K = High field

L = Low hysteresis

Sensitivity Code

() = Standard
02 = Cross-Axis

Figure 41: Sensor Naming convention

Yackage Type

00 = MSOPS
02=S50IC8
10=TDFN6
14=ULLGA4
E = RoHS

5.2.8 Pinout
Veo
VDJ
Vour.
Figure 43: Sensor grey-box layout
Sensitivity
Standard Cross-Axis
{AAX Whx-xx) (AAXD2x-xx)
MSOP/ MSOP/
uLLGA | soic | 7PN | sorc | TPFN | Symbol Description
Negative bridge output

3 I I g 4 Vour- (decreases with increasing field).

2 2

3 2 3 2 NC No internal connection.
- 4 3 4 3 | VJ/GND | Negative supply or ground.

) Positive bridge output

! 3 4 1 1 Vours (increases with field).

? 5 ? 5 NC No internal connection.
2 3 6 8 6 Vi Positive supply voltage.

Center Pad CenerPad|  NC [nternally connected to leadframe

Figure 42: Sensor Pinout
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5.2.9 Sensor selector Chart
Each GMR sensor used by NVE has a special characteristic to it. To select
the sensor that best suits you, you can use this chart and make an informed decision.

100
10
il
)
S
E
=
Z 01
B
[ =
il ]
D 0.01
0.001

L__AAHO002 B J

AAODZ

AAL 000
AA003

Key

o< Saturation

AA004 [ ]

L___AAD0S L J

AADOT

AAKOD1 ®

0.

1

10

100
Magnetic Field Range (Oe)

1000

10000

Figure 44: Sensitivity vs magnetic field range chart showing linear range and saturation points for different sensors

5.2.10 Comparative Sensor Specifications

Magnetometers (AA-Series)

Linear Range Sensitivity Max. Max.
(I0el) Satura- (mV/V-Oe) Non- Hyst- Max. Typ.
Available tion linearity eresis Operating | Resist-

Part Min. Max. (10el) Min. | Max. | (% Uni.) | (% Uni.) Temp. ance Package
AAD002-02 1.5 10.5 15 3 42 2% 4% 125°C 5kQ SOICE
AA003-02 2 14 20 2 3.2 2% 4% 125°C 5kQ SOIC8
AA004-00 5 35 50 0.9 1.3 2% 4% 125°C 5kQ MSOP3

o MSOPS
AA024-00 5 35 50 0.9 1.3 2% 4% 125°C 5kQ (cross.axis)
AADD4-02 5 35 50 0.9 1.3 2% 4% 125°C 5 kQ SOICS
AAD05-02 10 70 100 0.45 0.65 2% 4% 125°C 5kQ SOICE
AA006-00 5 35 50 0.9 1.3 2% 4% 125°C 0k0 MSOPS
AADD6-02 5 35 50 0.9 1.3 2% 4% 125°C J0kQ SOICH
AA007-00 50 450 500 0.08 0.12 2% 4% 125°C 5 kQ MSOPS
AAH002-02 0.6 3 6 11 18 4% 15% 150°C 2kQ SOIC8
AAH004-00 1.5 7.5 15 3.2 4.8 4% 15% 150°C 2kQ MSOP§
AALDD2-02 1.5 10.5 15 3 4.2 2% 2% 125°C 5.5k0 SOICE
AALDD4-10 1.5 10.5 15 3 42 4% 2% 125°C 22k TDENG

0 ] TDENo6
AALD24-10 1.5 10.5 15 3 4.2 4% 2% 125°C 22KkQ | (ross-axis)
AAKO001-14 400 2500 4000 ) 0.0025 | 0.004 2% 4% 85°C 35k0 ULLGA4

Figure 45: A comparative specification chart
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5.2.11 Dimensions

0.188 (4.77)

0.197 (5.00)

0.228 (5.8)

0.244 (6.2)

0o Hb

0.013 (0.3}

0.020 (0.5}

5.3 Sensor Working
GMR sensor have two ferromagnetic alloy layers sandwiched around a thin
nonmagnetic conductive layer. Due to antiferromagnetic coupling, magnetic moments of
ferromagnetic alloys face opposite direction which causes high resistance in the sensor.
Copper, which is normally an excellent conductor, is often used as nonmagnetic conductive
plate in between these two ferromagnetic layers. Copper has a property that when it is only
a few atoms thick it offers a significantly high resistance due to electron scattering. So, in
normal state, GMR sensor has high resistance, but when the sensor is exposed to magnetic
field, the magnetization of the adjacent layers becomes parallel resulting in significant
reduction in resistance. This change is resistance brings forth a change in voltage signal
which is of great importance for us.

1008

0.016 (0.4)
0.050 (1.3)

(i 0.052 (1.32) 0.054 (1.37)

0.062 (1.57) 0.072 (1.83)
0.150 (3.8) ! :
0.157(4.0) B M M
oo T
L 0.050 “2_"_}_.4 E"‘_ 0.004 (0.1)
L T e ! on.012i0.3)
45°NOM

0.007 (0.2)
0.013 (0.3)

NOTE: Pin spacing is a BASIC
dimension; tolerances
do not accumulate

Figure 46: Sensors dimensions

Figure 47: Sensor dimensions validation
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5.4 Sensor Assembly
5.4.1 Operational Amplifier

An operational amplifier is a DC-coupled high-gain electronic voltage amplifier with
a differential input and, usually, a single-ended output. Operational amplifier used in
this case is LM741. These are general purpose OP-Amp which feature improved
performance. These are simple plug in OP-Amp, hence easily replaceable. The typical

OP-Amp configuration is shown below

R2
+Vsupplv
R1
e - W
= LM741 Output
Vinput + v-
‘Vsupplv
Figure 48: Typical Application
LMC Package NAB Package
8-Pin TO-99 8-Pin CDIP or PDIP
Top View Top View
" T
OFFSET NULL—] 1 8|—Nc
v

&)
OFFSET NULL (7 DV
& INVERTING INPUT— 2
INVERTING INPUT 9 } QUTPUT
NON=INVERTING— 3
NON=INVERTING INPUT o 9 OFFSET NULL INPUT
0

. v 4
v

o

w

= OUTPUT

— OFFSET NULL

Figure 49: pin configuration and function
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MIN MAX UNIT
Supol " LM741, LM741A +22 v
u voltage
PPy g LM741C +18
Power dissipation ! 500 mw
Differential input voltage +30 A
Input voltage +15 v
Qutput short circuit duration Continuous
. LM741, LM741A -50 125
Operating temperature L
LM741C 0 70
i LM741, LM741A 150
Junction temperature “C
LM741C 100
PDIF package (10 seconds) 260 °C
Soldering information
CDIP or TO-99 package (10 seconds) 300 °C
Storage temperature, Tgq -85 150 “C
Figure 52: LM 741 Maximum Ratings
MIN NOM MAX UNIT
LM741, LM741A +10 +15 +22
Supply voltage (VDD-GND) \
LM741C +10 +15 +18
LM741, LM741A -55 125
Temperature °C
LM741C 0 70
Figure 51: LM741 Operating Conditions
PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
Ta =25°C 2 G iy
Input offset voltage Rz =10 kQ
Tamin = Ta = Tamax 75 mvy
Input offset voltage _ mes .=
adjustment range Ta=25"C, Vg=220V #15 Y
Ta=25°C 20 200
Input offset current nA
TAMNE'TAETW 300
) Ty =25°C 80 500 nA
Input bias current
Tenain = T = Tappax 08| udA
Input resistance Ta=25°C, Vg=220V 03 2 MO
Input voltage range Ta=25C #12 #13 W
= = / Ta =25°C 20 200
Large signal voltage gain \:IS;E 515 V.Vo=x10V,.R. | A Vimv
= Tamn = Ta = Tamax 15
) R =10 kQ 212 =14
Oufput voltage swing Vg =15 W W
R =2 kD =10 #13
Output short circuit current Ty =25°C 25 ma,
Common-mode rejection ratio Rs= 10 kQ, Wopr =212V, Tapin = Ta = Tapax 70 a0 dB
Supply voltage rejection ratio Ve=+20V1ioVe=#8YV Rs= 100, Tapmm = Ta = Tamax T7 96 dB
. Rise time . ) 0.3 us
Transient response Ta = 25°C, Unity Gain
Owvershoot 5%
Slew rate Ty = 25°C, Unity Gain 05 Vius
Supply current Ty =25°C 17 28 ma,
Power consumption Vg =+1A VY, Ta=25"C a0 a8h myy

Figure 50: LM741 electrical conditions
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Figure 54: LM741 functional Block diagram

Figure 53: LM 741 layout
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5.4.2 Circuit Diagram and Sensor assembly
Circuit diagram of our system connecting sensor with Operational amplifier is
shown below

Figure 55: Hand drawn Circuit diagram

AAHOO02-02E
B
200K
OUT- 1 N
EUT+ ua 741 =
ool 21T 10 (Vour = Vour)
4 200K &
20K
Ak
v
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Figure 56: Circuit Diagram of the system

Figure 57: Sensor Assembly on Veroboard

GMR sensor in connected to operational amplifier by means of some resistors to
get a gain of x10. The overall logic of the system is as follows

Power Supply Operational Amplifier g Acquisition System

Figure 58: Working principle

The system is powered by a 12V power supply connected to GMR sensor which
is in turn connected to operational amplifier to amplify the signal and to filter some
of the noise signal and the output of the operational amplifier is connected to the data
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acquisition system. NI DAQ USB-6009 is used for this purpose. The details of the
data acquisition system are mentioned in next section.

5.4.3 NI USB-6009
NI data acquisition card USB-6009 is used to collect the output signal into our PC.
It is a multifunctional input/output (1/0) device which has both analog and digital
type 1/0 options. Our sensor is an analog sensor so we used the analog type input
option of this card. The pin configuration of the USB-6009 is shown below.

1] j
{
|
GND E - P0.0
Alo(aios) || ~ |1 Po.1
Al 4 (Al 0-) w P0.2
GND 1 Ig - |} Po.3
Al 1 (Al 14) en PO.4
AlS (Al 1-) | Ig o |l Pos
GND B P0.6
Al2arz+) || e || Po7
Al 6 (Al 2-) © P1.0
GND || g s || P11
Al 3 (Al 3+) = P1.2
Al 7 (A13-) | Ig R || P13
GND @ PFIO
AO 0 il > |l s25v
AO 1 en 5V
GND o l GND
M—h—

Figure 59: NI USB-6009 Pin Configuration

A LabVIEW code is generated to take the output from the USB DAQ
card. The code is mentioned in the next section.
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5.4.3 LabVIEW
LabVIEW program and front panel is shown below

Waveform Chart

Samples
13

Hzp

13 M
DAQ Assistant

data r

- *number of samg

iz

1 stop (F)

ctop (F) stopped b

Rate

Figure 60: LabVIEW program

rate na, of sample

o) 2000 @
& ¥ \igzveforrn Chart|

I
I

Waveform Graph Voltage “ J

i ] ] '
0002 0.004 0008 0008 OO
Tirne

output

2.42804

|
174157 17:42:12

Figure 61: LabVIEW Front panel
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System output is connected to LabVIEW through DAQ card. Output is presented
in three different ways just for the ease of understanding.

5.5 Sensor Calibration

A PCB vise is used to calibrate the sensor as we can get precise linear motion on it.
On one end of the vise, we mounted our sensor assembly while on the other side we
mounted a standard magnet fig 1. Total stroke of the vise is 39.25mm meanwhile one full
rotation moves it by 0.8313 mm. There are a total of 42 fins in total on ratchet of pcb vise
and rotation of one fin gives us a linear movement of approximately 20microns and the
average voltage change for 20 microns is 0.0047V. Using these small increments, we
calibrated the sensor over entire working range which is shown in fig 3. A small ceramic
magnet was used in this case. Later on, we used a standard neodymium magnet for
calibration as we plan to use it in our experimentation. A complete working range for
neodymium magnet was also acquired using same process

Figure 62: Calibration Setup

49



System Identification of Vibrational System using GMR Sensor
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Figure 63: Graph of Voltage vs No. of revolutions of knob

Chapter 06

System Identification

6.1 System Ildentification toolbox MATLAB

MATLAB has a graphic user interface (GUI) for system identification in their
toolbox. | used this GUI to perform system identification of my system. First you import a
workable data in the toolbox and then you can process your data by applying the appropriate
method out of various tools available to get to your results. | first applied the technique for a simple
single degree of freedom linear system. In this system we have a simple hanging mass attached to
a spring. We leave the mass from a certain height and observe the output signal from the sensor
until it comes to rest. We applied the GRAYEST function in this case.
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(®)

Figure 64: Single DOF hanging mass spring system

Initially, a 20N force was provided to the system as an input after which was allowed to
vibrate freely. GMR sensor sensed the position of the system because of the change in magnetic
field produced due to the permanent magnet attached to the hanging mass. The output of the system
was as below.

0.8

04r 1
%D.E-
=
] ot ]
>
_D-Z 1 1 1 1 1 1 1
o 05 1 15 2 25 3 3.5 4

Time (t)
Figure 65: Output of the mass spring system

Meanwhile the input was the 20N force or step force. It is shown below
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Step Force

0 05 1 1.5 . 2 25 3 3.5 4
Time (s)

Figure 66: Input of the mass spring system

The output signal is very noisy. It is due to the non-ideal condition of the rooms where
experiment is conducted. It was rectified later on by using an operational amplifier and some
resistors but in this case, we simply filtered the signal to gain a simple output signal. This
simplified signal looks as below.

0.6 T T T T T T T

0 05 1 15 2 25 3 is d
Time (T)
Figure 67: Filtered Output
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Figure 68: Comparison of system response

The system response was compared to a simulated response and a similarity of 60.53%
was observed. Following were the components/data points for the system identification.

Function used GREYEST
Input 20N Step Input
No. of Samples 4001
No. of iterations 20
Natural Frequency= 10.042 rad/s
Estimated parameters

Damping = [b] = -0.001
Natural Frequency= 10.1733 rad/s
Actual parameters

Damping = [b] =0

Fit to estimation data

[60.53 %]

Figure 69: Single DOF Sl problem data & results
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Another data set was achieved from the following experimental arrangement and System
identification tools were applied on it as well.

Figure 70: Sensor and magnet assembly arrangement

54



System Identification of Vibrational System using GMR Sensor

Chapter 07

Results & Conclusion

7.1 Method

A cantilever beam in vibration is used for this study fig 6. A magnet is mounted at the end
of this cantilever beam and the sensor assembly is placed under this magnet. We calibrated the
setup for one cycle but the sensor output voltage is not linear over the entire range so we divided
the sensor output into linear and nonlinear parts and devised a setup this is operatable in the linear
range, the graph for the sensor output is shown in fig 2. It is important to notice that voltage and
distances in the graph are not absolute values but they are change in voltage and change is distance
from their initial values, meanwhile initial values are considered as zero.

Figure 71: Experimental Setup
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Figure 73: Voltage vs distance Linear range

GMR sensor is calibrated and a linear range is calculated for this system. Complete
readings are mentioned along with validation through a stroboscope in the next section.
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7.1.1Stroboscope
A stroboscope is an instrument that emits a series of brief, intense flashing lights at
specific intervals. When the flashing light from a stroboscope is directed onto an
object rotating at high speed, the moving fan appears to stand still.
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Figure 74: Stroboscope

Figure 75: Stroboscope
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7.2 Results
GMR sensor AAH002-02e was calibrated over its linear range and the voltage-time
output of the sensor is converted to distance-time

Distance (¢cm)
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Figure 76: Sensor Output
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Figure 77: Voltage-Time converted to Distance-Time
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7.2 Conclusion

This study focused on the GMR sensor vibration measurement for a single degree of
freedom system. Different arrangements were used for the system and necessary precautions were
taken as the sensor is highly sensitive to outside disturbance. An operational amplifier is introduced
to magnify the system output and as a result successful measurement of a single degree of freedom
cantilever beam in vibration was carried out. The voltage signal is then calibrated to get the output
in terms of distance which is more perceivable. The experiment is successfully carried out and a
stroboscope is used to validate the system,
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