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Abstract

Measurement of magnetic fields is one of the important requirements in many research and
development applications. Hall Sensors which function on the principle of Hall Effect, are used
to measure these parameters. This project aims to propose a Hall sensor array based magnetic
field measurement system. 16 hall sensors are mounted on a thin mount equidistant to each other
at a gap of 60 mm and their sensing element being parallel to the mount. While on the front-
end, the sensor signals are multiplexed and amplified, they are digitized and processed by a
microcontroller on the back-end. A suitable graphical user interface is also developed to
customize and control the system as well to output and archive the data suitably. This magnetic
field measurement system is for a specific application i.e. INO project, but due to its low cost
and modularity, it can be extended to the civilian applications where these sensors can be used

in research institutions and industries.
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Chapter 1

INTRODUCTION

Magnetic field vector is a force generated by moving electric charges currents and calculated

using Ampere’s Law or Biot-Savart Law. When describing it inside magnetized materials
which themselves contribute to internal magnetic fields, this field is denoted by either magnetic
flux density, B (Tesla) or magnetic field strength, H (amperes per meter). Magnetic field is one
of the two components of the Electromagnetic force, which is one of the most pervasive
fundamental forces of nature. Magnetic fields are most commonly applied in working of
modern technologies and designing instruments. Motors and generators, electromotive
instruments and mass transport systems, navigation devices and material handling equipment’s
are some of the examples. While in everyday life, magnetic fields created by permanent
magnets are most often encountered, magnets of different kinds - electromagnetic,
superconducting etc., are being extensively used in experimental nuclear and high energy
physics and material sciences. Very large and powerful magnets are used to build particle
accelerators and detectors typically to accelerate or bend the charged particle beams and
measure the energy of the particles. Magnetic forces give information about the charge carriers
in a material through the Hall Effect. And on the other hand, Hall Effect is often exploited to
precisely measure and monitor magnetic field strengths of all the magnetic systems mentioned

above, which is an important requirement of such systems. The idea is to build a prototype of
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magnetic field measurement system which would be useful on a small scale at INO project for

studying neutrinos and in laboratories to study magnetic fields.

1.1 Problem Overview

The India-based Neutrino Observatory (INO) is a multi-institutional national project aimed at
building a world-class underground laboratory at the Bodi West Hills near Madurai in Tamil
Nadu. The collaboration is deeply engaged in design and construction of a mega science
experiment called Iron Calorimeter (ICAL) for studying many key open questions involving
the elusive particles, neutrinos. The magnetized ICAL will consist of more than 50000 tons of
iron plates arranged in stacks with gaps in between where around 28,800 Resistive Plate
Chambers (RPCs) would be inserted as active detectors. A total of about 3.6 million ultra-high-

speed detector signals need to be instrumented in this detector [1].

One of the most important capabilities of the ICAL detector is to distinguish between positively
and negatively charged particles produced by the neutrinos within the ICAL detector as well as
measure their energies. In fact, ICAL will be world’s largest electromagnet, which is built using
the iron plates and copper coils. About 1.5 Tesla magnetic field which will be produced within
the ICAL will bend the particles of opposite polarities in different directions, hence identifying
their charge. Also, by measuring the radius of curvature of these bent tracks; one can estimate
the momentum or energy of the particles. Therefore, there’s a need for precise simulation of the

field within the volume of the detector as well as its measurement.

It is proposed by the INO collaboration that a prototype ICAL detector of 4m x 4m x 11 layers
and weighing about 85 tons be built in [ICHEP laboratory in Madurai to facilitate initial
experiments related to magnet construction and other concerned issues. A picture of this magnet
under construction is shown in the below Figure. Construction scheme of the magnet along with

iron plates and copper coils is clearly seen in the picture.
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Fig.1.1 Magnet of the prototype ICAL detector under installation and commissioning in Madurai.
Simulated magnetic flux in a layer of the prototype detector using the configuration shown in
Fig 1.1 is given in Fig 1.2. The design criteria is that we achieve more than 1 Tesla field in as

large a volume (about 90%) as possible using minimum current in the Copper coils.

- T o«
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Fig.1.2 Simulated magnetic flux lines in an iron layer of prototype detector.

It was strongly desired by the Collaboration that a reliable and versatile measurement system
may be developed for insitu monitoring the magnetic field in the prototype detector of the
ICAL Also if this system is found to be useful then multiple units of the designed board may
be created and used in ICAL.
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1.2 Research Objective

The objective of this research work is:
i.  To make a prototype of the magnetic field measurement system which would be a part of
the study for the India based Neutrino Observatory (INO) project.
ii.  To build a magnetic field measurement system with the help of arrays (numbers:16) of
hall sensors on a thin PCB strip.

iii. To read and store all the data signals and analyze the same for calibration of the system.
1.3 Report Outline

Chapter 2 provides literature survey of fundamental particles like neutrinos and phenomenon
such as Hall Effect.

Chapter 3 discusses the proposed system and overall flow of the project and its
implementation.

Chapter 4 gives the details of the results obtained while testing the system components and
explains the designing and implementation of the work achieved till date.

Chapter 5 summarizes and concludes the results obtained until date in all the segments and
also describes the future work.

Appendix I comprises all the course outcomes that are relevant to the project and hence the
program outcomes we have achieved while doing the project.

Appendix II comprises the datasheets of the integrated circuits used in this project.
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LITERATURE SURVEY

The literature survey consists of initial study topics which are given below:
2.1 Neutrinos

Neutrinos are subatomic particles produced by the decay of radioactive elements and are
elementary particles that lack an electric charge [2]. They are denoted by the Greek letter v. The
neutrino is so named because it is electrically neutral and because its rest mass is so small that
it was originally thought to be zero. The weak force has a very short range, gravity is extremely
weak on the subatomic scale, and neutrinos do not participate in the strong interaction. Thus,
neutrinos typically pass through normal matter unimpeded and undetected [3].

Neutrinos are tiny elementary particles like the electron but not part of the atom. Neutrinos are
abundantly found in nature. The Sun, the stars and the atmosphere produce millions of neutrinos
every second. Most of these neutrinos pass through our body and we do not realize it. They can
even pass through the earth and come out on the other side. The reason they can do this is
because they interact very less and studying these particles in the laboratory is extremely
difficult.

Many properties and characteristics of neutrinos are not known to humanity. Thus, research on
these particles will yield extremely useful information. These particles can make a lot of
phenomena clear to us from everything like the birth of the universe to the nuclear reactions

that power our cities and therefore they are an important area of scientific studies [3].
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2.2 The Hall Effect

The Hall Effect is the production of a voltage difference (Hall voltage, Vu) across an electrical
conductor, transverse to an electric current in the conductor and to an applied magnetic field

perpendicular to the current. It was discovered by Edwin Hall in 1879 [4].

The Hall Effect is due to the nature of the current in a conductor. Current consists of the
movement of many small charge carriers, typically electrons, holes, ions or all three. When a
magnetic field is present, these charges experience a force, called the Lorentz force. The
Lorentz force is the combination of electric and magnetic force on a point charge due to
electromagnetic fields. A particle of charge ¢ moving with velocity v in the presence of an

electric field E and a magnetic field B experiences a force F [5].
F=qE+qvxB @ [5]

When a magnetic field is absent, the charges flow in an approximately straight, line of sight

paths between collisions with impurities, phonons, etc.

Fig.2.1 Sketch of Hall Generator [4]

When a magnetic field with a perpendicular component is applied, their paths between
collisions are curved, (following the solid, curved arrow) thus moving charges accumulate on
one face of the material (left side). This leaves equal and opposite charges exposed on the other
face (right side), where there is a scarcity of mobile charges. This creates an electric field &y in

the direction of the assigned Vu. Vi is negative for some semi-conductors where "holes" appear
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to flow. In steady state, & will be strong enough to exactly cancel out the magnetic force, thus
the electrons follow the straight arrow (dotted line). The result of leaving equal and opposite
charges on both faces of the material is an asymmetric distribution of charge density across the
Hall element, arising from a force that is perpendicular to both the 'line of sight' path and the
applied magnetic field. The separation of charge establishes an electric field that opposes the
migration of -further charge, so a steady electric potential is established for as long as the charge
is flowing.

In the steady state, F=0. Also, E is assigned in the y-direction. So, from equation (I).we get,

0=Ey - vsB;
E,= vsB, (1) [5]
In wires, electrons flow instead of holes, so vx =>-vxand q =>- q.
Also, Ey=-Vu/ ®. So in equation (II),
Vi =viB; ©
Solving for ® we get Hall voltage as,
Vu = 1xB: / (nte)

Where, Ix= current in the negative direction of the electron current

n = charge carrier density

t = height of the material

-e = charge of each electron

The Hall coefficient, Ru, is defined as the ratio of the induced electric field to the product of
the current density and the applied magnetic field and is given by[5],
Ru=Ey/ jxB:
Where, j = current density of the carrier electrons
In SI units,

Ru=Ey/jxB=Vut/IB=-1/ne (II1) [5]

The units of Ry are usually expressed as m*/C, or Q-cm/G, or other variants. As a result, the

Hall effect is very useful as a means to measure either the carrier density or the magnetic field

[4].
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2.3 Hall Effect Sensors

Magnetic sensors are used for converting magnetic field into electrical signals [6]. These
sensors have wide range of applications such as detection, discrimination and localization of
ferromagnetic and conducting objects, navigation, position tracking and antitheft systems.
Possible magnetic field measurement methods found in the literature are induction based (flux
meter and flux gate), Hall Effect based, magneto resistance based, magnetic resonance based
and super conducting quantum interference device (SQUID) based. But methods like SQUID
come under low field sensors which can sense very low values of magnetic fields, i.e., under
1uGauss. Hall sensors have very wide range, good accuracy and a very wide bandwidth, so they
were chosen as the primary sensors for magnetic field measurement system for the ICAL

prototype detector.

Most commonly used magnetic sensors are MEMS-type, which are bigger in size. In this
project, size of the probe is of major concern, where the thickness of the mount including the
sensor should fit into a slot of less than 3mm. Therefore, a Hall sensor is chosen. A hall sensor
is a type of magnetic sensor whose output is a function of magnetic field density. It is based on
the principle of Hall Effect, discovered in 1879 by Edwin Hall. The Hall Effect is favored in

materials with high electron mobility and low conductivity [7].

2.3.1 Working Principle

When a beam of charged particles passes through a magnetic field, forces act on the particles
and the beam is deflected from a straight path. The flow of electrons through a conductor is
known as a beam of charged carriers. When a conductor is placed in a magnetic field
perpendicular to the direction of the electrons, they will be deflected from a straight path. As a
consequence, one plane of the conductor will become negatively charged and the opposite side

will become positively charged. The voltage between these planes is called the Hall voltage [7].

When the force on the charged particles from the electric field balances the force produced by
magnetic field, the separation of them will stop. If the current is not changing, then the Hall
voltage is a measure of the magnetic flux density. Basically, there are two kinds of Hall Effect

sensors. One is linear which means the output of voltage linearly depends on magnetic flux
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density; the other is called threshold which means there will be a sharp decrease of output

voltage at each magnetic flux density.

From equation (III) we have,

Where, Vy is the Hall Voltage in volts

Ru is the Hall Effect co-efficient

I is the current flow through the sensor in amps

t is the thickness of the sensor in mm

B is the Magnetic Flux density in Tesla
There are two types of Hall Effect sensors, one providing analog output and the other digital
output. The analog sensor is composed of a voltage regulator, a Hall Element and an amplifier.
We can see that the output of the sensor is analog and proportional to the Hall Element output
or the magnetic field strength. These types of sensors are suitable and used for measuring
proximity because of their continuous linear output [8]. Linear or analogue sensors give a

continuous output voltage that increases with a strong magnetic field and decreases with a weak

magnetic field.

o A Saturation
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Magnetic Flux Density, B
Fig.2.2 Analog output of Hall Effect sensor [1]

The above figure shows that in linear output Hall Effect sensors, as the strength of the
magnetic field increases the output signal from the amplifier will also increase until it begins
to saturate by the limits imposed on it by the power supply. Any additional increase in the

magnetic field will have no effect on the output but drive it more into saturation [8].
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Fig.2.3 Digital output of Hall Effect sensor [8]

On the other hand, the digital output sensors provide just two output states, either “ON” or
“OFF”. These types of sensors have an additional element that is the Schmitt Trigger which

provides hysteresis or two different thresholds levels so the output is either high or low.

|
_><_

Fig.2.4 Circuit symbol of Hall sensor [8]

2.3.2 Applications

Some applications of the Hall sensor are:

1. Position sensing: Sensing the presence of magnetic objects (connected with the
position sensing) is the most common industrial application of Hall Effect sensors,
especially those operating in the switch mode (on/off mode). The Hall Effect sensors
are also used in the brushless DC motor to sense the position of the rotor and to

switch the transistors in the right sequence.

2. Smartphones use hall sensors to determine if the flip cover accessory is closed.

3. Direct current (DC) transformers: Hall Effect sensors may be utilized for contactless
measurements of DC current in current transformers. In such a case the Hall Effect

sensor is mounted in the gap in magnetic core around the current conductor. As a

10
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result, the DC magnetic flux can be measured, and the DC current in the conductor

can be calculated.

4. Automotive fuel level indicator: The Hall sensor is used in some automotive fuel

level indicators. The main principle of operation of such indicator is position sensing

of a floating element. This can either be done by using a vertical float magnet or a

rotating lever sensor.

e In a vertical float system, a permanent magnet is mounted on the surface of

a floating object. The current carrying conductor is fixed on the top of the

tank lining up with the magnet. When the level of fuel rises, an increasing

magnetic field is applied on the current resulting in higher Hall voltage. As

the fuel level decreases, the Hall voltage will also decrease. The fuel level is

indicated and displayed by proper signal condition of Hall voltage [9].

2.3.3 Specifications of Hall Probe

Table 2.1 lists specifications of the measurement system.

Table.2.1 Hall sensor specifications [10]

Parameter

Value

Basic Sensor Material

Mono-crystal GaAs

For transverse field

Type of Probe

measurement
Measurement Range Upto 30 KGauss
Accuracy 0.2% of full scale
Non Linearity <1%
Maximum Input current/voltage 30 mA/10 V
Max input power 150 mW
Operating Temp. Range 40-150 °C
Hill output voltage at B=100mT, =8 mA, 110-150 mV
V=6V
Offset Voltage +11 mV
Input Resistance 650-800 Q
Output Resistance 650-800 Q
Temperature Coefficient of Hall output 0.06%/°C
voltage
Temperature Coefficient of Hall output 0.3%/°C

resistance

11
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2.4 Softwares

An introduction to the software’s that are used for implementation of the proposed system has

been discussed below

2.4.1 Proteus Design Suite

Proteus Design Suite is a proprietary software tool suite used primarily for .It is a simulation
and design software tool developed by Lab center Electronics for Electrical and Electronic
circuit design. The software is used mainly by electronic design engineers and electronic
technicians to create electronic schematics and electronic prints for manufacturing printed
circuit boards (PCBs). Proteus combines ease of use with powerful features to help design, test
and layout PCBs. It is one of the most complete electronic tool packs on the market as it allows
us to create PCBs from our PCs. It has nearly 800 microcontroller variants ready for simulation
straight from the schematic and is one of the most intuitive professional PCB layout packages
on the market. It also integrates tools with which we can design and simulate within the Arduino
environment. This is extremely useful as the Arduino Board is one of the most popular boards

at present [11].
2.4.2 EAGLE

EAGLEis a scriptable electronic design automation application ~with  schematic
capture, printed circuit board layout, auto-router and computer-aided manufacturing features.
EAGLE stands for Easily Applicable Graphical Layout Editor and is developed by Cad Soft
Computer GmbH. Cad soft Computer GmbH was acquired by Autodesk Inc. in 2016 [12].

The commercial licenses range from one schematic sheet, two signal layers, and a 100x80mm
routing area to the Ultimate license with 16 signals and a four meter square routing area. For
non-commercial licenses, the free educational edition features 99 schematic sheets, six signal

layers, and a 160x100mm routing area [12].

Features of EAGLE [12]:
e The PCB layout editor allows back annotation to the schematic and auto-routing to
automatically connect traces based on the connections defined in the schematic
e EAGLE saves Gerber and PostScript layout files and Excel on and Side & Meyer drill
files. These standard files are accepted by many PCB fabrication companies

e Available for Windows, Mac and Linux.

12
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e EAGLE contains a schematic editor, for designing circuit diagrams. Parts can be placed

on many sheets and connected together through ports.

2.4.3 OrCAD

OrCADis a proprictary software tool suite used primarily for electronic design
automation (EDA). The software is used mainly by electronic design engineers and electronic
technicians to create electronic schematics and electronic prints for manufacturing printed
circuit boards. The name OrCAD is a portmanteau, reflecting the company and its software's
origins: Oregon + CAD. OrCAD is a suite of products for EDA, and includes a schematic editor
(Capture), a circuit simulator (PSpice) and a PCB designer [13]. OrCAD PCB Designer is a
printed circuit board designer application, and part of the OrCAD circuit design suite Designer
includes various automation features for PCB design, board-level analysis and design rule
checks (DRC). The PCB design may be accomplished by manually tracing PCB tracks or using
the Auto-Router provided. Such designs may include curved PCB tracks, geometric shapes, and

ground planes.

PCB Designer integrates with OrCAD Capture, using the component information system (CIS)

to store information about a certain circuit symbol and its matching PCB footprint

2.4.4 LabVIEW

LabVIEW, short for Laboratory Virtual Instrument Engineering Workbench, is a programming
environment in which you create programs using a graphical notation (connecting functional
nodes via wires through which data flows); in this regard, it differs from traditional
programming languages like C, C++, or Java, in which you program with text. However,
LabVIEW is much more than a programming language. It is an interactive program
development and execution system designed for people, like scientists and engineers, who need
to program as part of their jobs. The LabVIEW development environment works on computers
running Windows, Mac OS X, or Linux. LabVIEW can create programs that run on those
platforms, as well as Microsoft Pocket PC, Microsoft Windows CE, Palm OS, and a variety of
embedded platforms, including Field Programmable Gate Arrays (FPGAs), Digital Signal

Processors (DSPs), and microprocessors [14].
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As a step toward industry-wide software compatibility, NI developed one specification for /O
software—the Virtual Instrument System Architecture, or VISA. The VISA specification
defines a next-generation I/O software standard for GPIB, Serial, and other interfaces. VISA
unifies the industry to make software interoperable, reusable, and able to stand the test of time.
The VISA package enables the different microcontrollers to communicate with the system

serially over COM ports or RS-232 communication interfaces.

2.4.5 Arduino IDE

The open-source Arduino Integrated Development Environment (IDE) makes it easy to write
code and upload it to the board [15]. It runs on Windows, Mac OS X, and Linux. The
environment is a cross-platform application written in Java and based on Processing and other
open source software. This software can be used with any Arduino board. It is designed to
introduce programming to artists and other newcomers unfamiliar with software development.
It includes a code editor with features such as syntax highlighting, brace matching, and
automatic indentation, and is also capable of compiling and uploading programs to the board
with a single click. A program or code written for Arduino is called a “sketch". Arduino
programs are written in C or C++. The Arduino IDE comes with a software library called
"Wiring" from the original Wiring project, which makes many common input/output operations
much easier. The Arduino IDE uses the GNU tool chain and AVR Lib to compile programs.
As the Arduino platform uses Atmel microcontrollers, Atmel's development environment, AVR
Studio or the newer Atmel Studio, may also be used to develop software for the Arduino.
Arduino also simplifies the process of working with microcontrollers, but it offers some

advantage for teachers, students, and interested amateurs over other systems:

e Inexpensive - Arduino boards are relatively inexpensive compared to other
microcontroller platforms.

e Cross-platform - The Arduino software runs on Windows, Macintosh OSX, and Linux
operating systems. Most microcontroller systems are limited to Windows.

e Simple, clear programming environment - The Arduino programming environment is
easy-to-use for beginners, yet flexible enough for advanced users to take advantage of
as well. For teachers, it's conveniently based on the Processing programming
environment, so students learning to program in that environment will be familiar with

the look and feel of Arduino.

14
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e Open source and extensible software- The Arduino software is published as open

source tools, available for extension by experienced programmers.

2.4 System components

2.4.1 IC MC14067BCP

The MC14067 multiplexer/demultiplexer is a digitally controlled analog switch featuring low
ON resistance and very low leakage current. This device can be used in either digital or analog
applications. The MC14067 is a 16—channel multiplexer/demultiplexer with an inhibit and four
binary control inputs A, B, C, and D. These control inputs select 1-of—16 channels by turning

ON the appropriate analog switch [16].

Features

e Low OFF Leakage Current

e Matched Channel Resistance

e Low Quiescent Power Consumption

e Low Crosstalk Between Channels

e Wide Operating Voltage Range: 3 to 18 V
e Low Noise

Table.2.2. Truth Table of MC14067BCP [16]

Control Inputs Selected
A B c D Inh Channel
X X X X i None
0 0 0 0 0 X0
1 0 0 0 0 X1
0 1 0 0 0 X2
1 1 0 0 0 X3
0 0 1 0 0 X4
1 0 1 0 0 X5
0 1 1 0 o X6
1 1 1 0 0 X7
0 0 0 1 o X8
1 0 0 1 0 X9
0 1 0 1 0 X10
1 1 0 1 o X1
0 0 1 1 0 X12
1 0 1 1 0 X13
0 1 1 1 0 X14
1 1 1 1 0 X15

15
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Vgg =PIN 12

Fig.2.5.MC14067BCP Pin configuration [16]

2.4.2 IC LM747N

The LM747 is a general purpose dual operational amplifier. The two amplifiers share a common
bias network and power supply leads. Otherwise, their operation is completely independent.
Additional features of the LM 747 are: no latch-up when input common mode range is exceeded,

freedom from oscillations, and package flexibility [17].
Features

No frequency compensation required

Short-circuit protection

Wide common-mode and differential voltage ranges
Low power consumption

Dual-In-Line Package

1 4 OFFSET NULL A

INVERTING INPUT A—
NON=INVERTING INPUT A—ZZED—LEWA‘
OFFSET NULL A= L2 6uTPUT A
v R
5 10
OFFSET NULL B=—— — OUTPUT B
NON=INVERTING INPUT B—stJ_g—v* B*
INVERTING INPUT B—4 8 OFFSET NULL B

TOP VIEW

Fig.2.6 LM747 Pin configuration [17]
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2.5.3. Arduino UNO

Arduino Uno is a microcontroller board based on the ATmega328P. It has 14 digital
input/output pins (of which 6 can be used as PWM outputs), 6 analogue inputs, 16MHz quartz
crystal, a USB connection, a power jack, an ICSP header and a reset button. It contains
everything needed to support the microcontroller; simply connect it to a computer with a USB

cable or power it with a AC to DC adapter or battery to get started [18].

Table2.3. Technical specifications of Arduino Uno Board [18]

Micro-controller ATmega328P
Operating voltage 5V
Input voltage (recommended) 7-12V
Input voltage (limit) 6-20 V
Digital i/o pins 14 (of which 6 provide PWM output)
PWM digital I/O pins 6
Analog input pins 6
DC current per I/0 pin 20 mA
DC current per 3.3 V pin 50 mA
Flash memory 32 KB
SRAM 2 KB
EEPROM 1 KB
Clock Speed 16 MHz
LED built in 13
Atmega328
NS
(PCINT14/RESET) PC6 [] 1 28 [1 PC5 (ADC5/SCL/PCINT13)
(PCINT16/RXD) PD0 ] 2 27 [1 PC4 (ADC4/SDA/PCINT12)
(PCINT17/TXD) PD1 [ 3 26 [1PC3 (ADC3/PCINT11)
(PCINT18/INT0) PD2 [ 4 25 [1PC2 (ADC2/PCINT10)
(PCINT19/0C2B/INT1) PD3 (] 5 24 [1PC1 (ADC1/PCINT9)
(PCINT20/XCK/T0) PD4 [ 6 23 [1PCO (ADCO/PCINTS)
veed7 22 [1GND
GND[]8 21 [1AREF
(PCINT&/XTAL1/TOSC1) PB6 [ 9 20 [J AVCC
(PCINT7/XTAL2/TOSC2) PB7 [] 10 19 [11 PBS5 (SCK/PCINTS)
(PCINT21/0COB/T1) PD5 [] 11 18 [1 PB4 (MISO/PCINT4)
(PCINT22/0COA/AINO) PD6 [ 12 17 [0 PB3 (MOSI/OC2A/PCINTS)
(PCINT23/AIN1) PD7 ] 13 16 [1PB2 (SSIOC1B/PCINT2)
(PCINTO/CLKO/CP1) PBO [] 14 15 [1PB1 (OC1A/PCINT1)

Fig.2.7 Atmega328 Pin configuration [19]
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Fig.2.8 Arduino Uno Board

2.54 ECRION SOURCE

The testing part of the system was done with the help of ECR ion source machine in TIFR. The
Electron cyclotron resonance (ECR) ion source at TIFR consists of a Cu plasma chamber. It is
a permanent magnet (SmCo Permanent) ECR ion source with dipolar axial and closed structure
hexapolar radial magnetic fields. Field maxima at the ends are 0.8 and 1.1 T. The magnetic field
has a minimum at the center of the plasma chamber; therefore, it is known as the min-B
configuration. The MW frequency is 14.5 GHz with 500 W maximum output. At this frequency,
the resonance magnetic field turns out to be 0.51 tesla. A plasma chamber contains an insulated
metal rod (called the bias rod). The maximum extraction voltage is 30 kV. Gases are introduced
in the plasma chamber by two electrically controlled gas inlet valves. Extracted ions are focused
by an electrostatic Einzel lens. A 90° bending dipole magnet (0.3 tesla) analyzes the charge
state of ions. ECR ion sources produce high dosage of x-ray radiation and hence, to avoid
radiation exposure, the high-voltage (HV) deck has been covered with aluminum-covered lead

shields.

18
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A LabVIEW-based command and control system developed. Field-point modules along with
the controller are mounted on the high voltage deck. The dipole magnet, extraction voltage,
Einzel lens, bias rod and gas flow controller channels are controlled through the NI FP AO-200
analogue output module channels. The magnet current, extraction and Einzel lens voltages,
Faraday cup current, ECR body temperature and micro-wave tuner position were monitored
with the FP AI-110 analogue input module channels. All the field-point modules are cascaded
to the FP-2000 real-time controller and connected to the wireless access point kept on the high
voltage deck. The PC is also connected through the wireless router. All the control and
monitoring parameters of the source are transmitted and received through this wireless mode

[20].

Fig.2.9 ECR Ion source Machine [20]

2.5.5 CYSJ106C

CYSJ106C series Hall-effect element is a ion-implanted magnetic field sensor made of
monocrystalline gallium arsenide (GaAs) semiconductor material group III-V using ion
implanted technology. It can convert a magnetic flux density signal linearly into voltage output
[21].

FEATURES

¢ High Linearity

o Superior Temperature Stability

e Miniature Package

19
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e Wide measuring range 0-3T

TYPICAL APPLICATION

e Magnetic Field Measurement

e DC Brushless Motor

e Current Sensor

e Non-contact Switch

e Position Control

Constant Voltage

source (+)

1

CYSJ106C
4

Literature Survey

L

Fig.2.10 Pin Configuration of CYSJ106C [21]

Pin 1: positive input voltage V+.

Pin 3: negative input voltage V-

Pin 2: OUTPUT
Pin 4: GND

Vi

Cutput Hall Voltage: Vy [mV]

s

GO0
= |z const
500 H
=\ const /
400 I =10 [mA] i
Ve =6 [v c M
agp|Ta =251 x/ <
200 V/-'{'/
DI.': 100 200 300
Magnetic Flux Dansity:B [mT]

20

Fig.2.11 Output Characteristics of Hall Sensor [21]
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The figure 2.11 shows the variation of hall voltage with increasing magnetic field. This can
also be referred to calibrate the final probe. The slope of this curve is about 7.5 G/mV, which
needs to match with the slope that will be obtained in calibration results. The corresponding
test conditions have been provided. This graph is referred from CYSJ106C datasheet which

1s attached in annexure 1.
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SYSTEM DESCRIPTION AND IMPLEMENTATION

This chapter deals with the hardware implementation of Hall Sensor based Magnetic
Measurement System. The measurement system essentially comprises of three major
subsystems, namely the signal acquisition, analog and digital signal processing and front end
data and user interface. The signal acquisition subsystem senses the magnetic field at multiple
points in and converts it into corresponding analog voltages. This is essentially achieved by the
network of a 16 Hall sensors, which in turn are fed to the subsequent analog and digital signal
processing subsystems. The signals from the 16 Hall sensors are multiplexed and sent to the
analog to digital converter (ADC) of a microcontroller for digitization, after amplification by
an operational amplifier. Overall control, readout and communication with the front end user
interface are achieved a commercial microcontroller board. The front-end GUI refreshes the
display screen with the acquired data after a fixed time. The multiplexing avoids need for one
ADC channel of the microcontroller per sensor, instead only one ADC channel is sufficient for

all the 16 sensors.

3.1 System Description

The system consists mainly of an array of 16 Hall sensors placed 60mm from each other,

connected together by a single wire for each of the +V, -V and GND terminals. The outputs of
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the Hall sensors have separate wires and are connected independent of each other. Thus, there
are 16 wires for each of the 16 Hall sensor outputs and 3 wires for the power supply connections
of the array, i.e., a total of 19 wires that are connected to the PCB which holds the amplifier
and buffer stage of the system. The PCB output, which is the 16:1 multiplexed output of all the
Hall sensors is then passed into the Arduino Uno board. The Arduino board is interfaced with

LabVIEW and the front panel is shown on this software with all resulting values.

3.2 System Implementation

The first step in the implementation of the system was to understand what exactly was required
of the system and what parameters were to be considered in its design. As mentioned before,
the array consists of 16 Hall sensors and the system is to be designed to fit in between
consecutive iron plates. The array is planned to be inserted or mounted in the gaps of size

1000mm x 56mm x 3mm available in the structure.

Iron Plates

Fig.3.1 Schematic of sensor position and placement in the detector.

Hall Sensor ~ Hall Probe Strip

55 mm

Fig.3.2 Schematic of Hall probe array

Hence, it was important to identify those components that were best suited to the requirements
specified and that were of the appropriate size required in this system. The specifications are
mentioned in Table 2.1. Accordingly, Hall sensor data sheets were studied and the two ICs

closest to the given specifications were shortlisted. The two shortlisted Hall sensors were
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CYSJ106C and CYSJ166A, both of which are of thickness 0.6mm which meets the basic
requirement of fitting into the 3mm gap between the iron plates. The specifications of both

these sensors are shown below.

Table.3.1. CYSJ106C & CYSY166A sensor specifications

Sr. No. | Parameters CYSJ106C CYSJ166C
I Basic Sensor Material Mono-crystal GaAs | Mono-crystal GaAs
2, Type of probe For transverse field | For transverse field
measurement measurement
3. Measurement Range Up to 30kGauss (3T) | Up to 30kGauss (3T)
4. Maximum input current/voltage 13mA/ 10V 12v
5. Maximum input power 150mW 150mW
6. Operating temperature range -40to 125°C -40 to 125°C
7. Hall output voltage at B=100mT, | 110-150mV 156-204mV
I=8mA, V=6V
8. Offset voltage 1 1mV +¥mV
9. Input resistance 650-800Q2 1000-1500Q2
10. Qutput resistance 650-800Q2 1800-3000Q2
11. Temperature co-efficient of Hall | -0.06% / °C -0.06% / °C
output voltage
12. Temperature co-efficient of input | 0.3% / °C 0.3% /°C
output resistance

3.3 Hardware implementation

The next part of the implementation was to design the amplifier and buffer stage circuit. Three
possible designs were considered and the selected design was modified as per the decided

components. The three circuits designs are shown below.

Hall Sensor 1 :> IC741 —N ADC N

Hall Sensor2 [~ 1€741 > ADC [—

Microcontroller

|
Hall Sensor 16 [——| 1c741 [ ADC —>

Fig.3.3 Amplifier & Buffer Stage (Design Consideration 1)
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The advantages of Design 1 are:

1. Easy to implement.
2. Single stage processing.

3. Reduced signal attenuation.

The disadvantages of Design 1 are:

1. Occupies more space.

2. Larger number of ADCs.

—N
Hall Sensor 1 —N apc )
Hall Sensor2 [ 16 input, 16 :> ADC _J\J_| 1
. Microcontroller
output amplifier
Hall Sensor 16 ) ADC | )

Fig.3.4 Amplifier & Buffer Stage (Design Consideration 2)

The advantage of Design 2 is that it is simpler in implementation than Design 1.

The disadvantage of this design is that it utilized unusually higher number of ADCs.
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Hall Sensor 1 ::> ::>

Hall Sensor 2 16:1 analog ~ [— 1:16 analog
::> _ —y| (14 ::> - ::> Microcontroller
multiplexer demultiplexer

Hall Sensor 16 :> ::>

Fig.3.5 Amplifier & Buffer Stage (Design Consideration 3)
The advantages of Design 3 are:

1. Practical design.

2. Saves space, compact.
The disadvantages of Design 3 are:

1. Time delay in data acquisition.

2. Circuit complexity.

Design 3 is chosen and a few changes were made in the design as it was practically
implemented. Instead of using a microcontroller, the Arduino Uno board with built in ADC of
12 bits was used. The circuit with 16 voltage inputs, 16:1 analog multiplexer (IC4067) and
IC741 was simulated on Proteus but a voltage drop was observed at the output of the op-amp
IC741. In order to correct this, a buffer amplifier (gain=1) was required. A buffer is used to
transfer a voltage from a circuit having high output impedance level to a circuit having low
impedance level. Hence, the buffer stage was designed as follows.The gain is to be 1 or close
to 1 as the circuit was meant to have a unity gain output. The design will be for a non-inverting

unity gain amplifier.

Therefore, gain = 1 + (R¢/ R)
=1+ (100/ 10000)
=101/100=1.01

Hence, the problem of voltage drop at the final output was solved using buffer amplifier.
26
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Fig.3.6 Proteus simulation of amplifier & buffer circuit

A single IC of LM747, which has two packages of Op-amp was used. And as mentioned
before, an Arduino Uno board replaced the microcontroller and ADC to be used. Hence the

design in Fig.3.5 was modified into the final system block diagram shown in Fig.3.7.

HS1 | ] GUI using

Arduino - etidew

Uno Board

HS2 .| 16:1Analog
Multiplexer | .

Amplifier Buffer

(LM747N)
Data storage

in
Spreadsheet

HS16 |—

Fig.3.7 Block diagram of magnetic field measurement system
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3.4 PCB Fabrication

After the initial design was complete, the process of PCB design and fabrication was started.
Two schematics were created: one for the Hall sensor array and the other for the amplifier
circuit. In the PCB schematic of the amplifier circuit, the value of the Rrand R resistors was
changed into smaller resistor values of 10Q and 220Q respectively. Thus, the gain was

1.045. The PCB schematics were created on OrCAD software.

SV1
3
ol B
i
§'Q 15 -
BE B T
- U
=) 0] ., 1.3“ mf-t
gcﬁ—u— B
= TH
P 13 D I
2 o
’g‘m 9 1 2 3
- X X Ny )
2 ot x? P8R X 1 Bergstrip
3 o x2 o Dutput to Arduino
4 6 | LM7478N
- ° X3 ot
: - 54 X4 +
- XS
. .
T X7 -;-Eo—'y‘yﬁﬁ.—r;—
3 x X8 L5 100
+t il o2 xa -
11 2l xi0 o f>§
12 DT o =
13 13 X12
14 o8
15 17 ﬁ:i
16 16
= X15
18 4067N
19
-2 GND
Sv2

Fig.3.8 Schematic of multiplexer-amplfier-buffer module.

A double sided board design was decided upon to make the board more compact and to to allow
for more routing traces on the PCB. Double sided boards are the most commonly used in the

industry.
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System description and implementation

Fig.3.10 Layout of bottom layer of amplifier buffer module

For the 16 connections from the Hall probe outputs and the 3 power supply lines a flat ribbon

cable connector was used. The connector used for the 16 output lines was a FCC (Flat ribbon

cable connector). For the 3 power supply lines, a LEMO connector was used.

The initial design was for a 1m long PCB board for the Hall sensor array as shown in Fig.3.2,

but as this design turned out to be extremely hard to implement, it was changed to individual

PCB boards for each Hall sensor that would be connected by the flat ribbon cable.
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£ +V +V
GND 23 GND
o ]
S -y 1 4 -y
1 0/P 0/pP
50.00 MM

Fig.3.11 Basic layout of Hall sensor mounted on PCB

T-(ﬁ
_ﬁ,—
-

Fig.3.12 Layout for Hall sensor PCB as designed using OrCAD

The PCBs were fabricated and the type of boards used varied for the two layouts. For the Hall
sensor PCB, the type of board was the thinner type, of thickness 0.8mm, as the board was to fit

between the gaps of 3mm. The amplifier circuit sits outside the system and hence a thicker,
more rigid board of thickness 1.6mm was used.

400000000

fne606000000
4n600060000000000

-
<
-

Fig.3.14 Board with soldered components
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The Hall sensor boards were mounted on a mylar sheet and the flat ribbon cable was used to

connect each of the boards in cascade and to the amplifier-buffer circuit.

Fig.3.15 Final implementation of Hall sensor array
3.5 Software implementation

For the front panel displayed on a computer, the software used was LabVIEW. The Arduino
Uno board was to be interfaced via serial communication to the LabVIEW software. Data can
be stored in an Excel sheet by exporting the values from the front panel. The VISA resource

name lets us select the port in which the Arduino board is connected

m - floor(x/y)
ﬁ L
0
L E- =

VISA resource namg

=]

e,

baud rate (9600

byte count

VISA Configure Serial Port

return count

T
& Elilel oy
fr] =

stop

Fig.3.16 LabVIEW block diagram
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Fig.3.17 LabVIEW Front Panel (Design 1)
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Fig.3.18 LabVIEW Front Panel (Design 2)
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RESULTS AND DISCUSSIONS

The results of hardware and analysis are explained in this chapter.

One of the very first tasks was to select the final sensor type before proceeding with the probe.
Out of the 5 sensors initially, 2 were shortlisted out of which one had to be finalized for the
probe. The testing of the hall sensor and the probe had to be done in 4 stages. Therefore, 3 tests
needed to be done, each with a proper conclusion. In addition to these 3 tests, a simulation had

to be carried out to ensure that the following tests. The 3 tests are listed below

1. Test 1 had to be carried as a part of qualitative analysis of the hall sensor, in which the
sensor is kept between two permanent magnets and the separation between the magnets
was varied, which in turn varied the magnetic field. Also, one of the two types of sensor
was finalized depending upon this test.

2. Test 2 was carried out as a part of reproducibility test to check if same data was obtained
for same conditions in two iterations.

3. Test 3 was done as a part of relative calibration to check linear regression of the hall
sensor array
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4.1 Test 1: Qualitative Analysis

In this test, a single hall sensor was mounted on a matrix type PCB and power and output
connections were made. This PCB was placed between two permanent magnets and the

distance between these magnets was varied manually as shown in fig 4.1

Fig.4.1 Test 1 using permanent Magnets Fig.4.2 Hall IC on Matrix PCB

To increase magnetic field further, another pair of magnets were also added. As the distance
between two magnets was reduced, magnetic field increased. This was reflected in the hall
voltage which was obtained from the sensor. Hall voltages were plotted by varying this
distance and a curve was obtained From Fig 4.2 it can be verified that magnetic field
increased with decrease in separation between magnets, which was reflected by the hall

voltage obtained. Higher the magnetic field, higher the hall voltage obtained.
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MAGNETIC FIELD DISTANCE v/s HALL VOLTAGE
250 T T T T
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Output Hall voltage in mV
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Distance between two magnets in mm

Fig.4.3 Qualitative testing of the system using a pair of permanent magnets

Also, in one of the tests, both types of sensors (CYSJ106C and CYSJ166A) were kept together

between the magnets and readings were obtained as shown in the table 4.1

Table.4.1 Comparative performance study of two of the Hall sensors

Sr. No. Measuring Conditions Output Voltages (in mV)
1 One pair of magnets CYSJ106C: 40.9
2 Two pairs of magnets CYSJ106C: 116.3
3 One pair of magnets with two CYSJ106C: 31.1
hall sensors kept side by side CYSJ166A: 41.6

4.2 Test 2: Reproducibility Tests

For faithful operation of any system, same readings should be obtained for same operating
conditions. Therefore, reproducibility tests were done by measuring values of magnetic field at
two different instances. The results obtained are shown in Table 4.1. Some channels were
selected at random and the corresponding hall sensor readings were taken without placing any
magnetic field source. Afterwards, the corresponding sensor was placed between two magnets
and the readings were obtained. This exercise was repeated twice and the results obtained in

both the iterations matched, indicating faithful operation of the system.
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Table.4.2 Test results of reproducibility studies of the Hall sensor array.

Channel Reading 1 (in mV) Reading 2 (in mV)
No. Without With Without With
Magnets Magnets Magnets Magnets
2 120 660 120 660
4 210 620 210 640
6 160 700 170 700
8 210 660 210 680
10 120 600 120 620
12 170 560 180 540

4.3 Test 3: Calibration (Relative and Absolute)

In order to convert hall voltage into equivalent magnetic field, calibration was needed. This
included measuring hall voltages for known values of magnetic field, plotting hall voltage v/s
magnetic field graph and measuring the slope and offset of the curve. This slope will give us
the multiplication factor for Volt to Tesla conversion as shown in fig. 4.4. This testing was
carried out with the help of ECR ion source machine, wherein the field was controlled via

control room with the help of Labview. The field was increased in steps of 200 Gauss.

Fig4.4 Testing under ECR Ion Source

36



Chapter 4 Results

The corresponding Sensor reading was measured. The temperature in the laboratory was 20
degree Celsius. The overall pictorial view of the setup can be seen from fig.4.4. The sensor was
placed between 90 bending dipole magnet at mid position as seen in the fig.4.5. The maximum

field that can be achieved in this magnet is 0.3T

Fig.4.5 Hall Sensor position
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MAGNETIC FIELD VS HALL SENSOR OUTPUT
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Fig.4.6 Magnetic Field v/s Output Voltage plot

Relative calibration was performed in which the hall voltage v/s magnetic field curve showed
aregression of 0.9996 during ramp up and 0.9995 during ramp down operations. The regression
shows how accurately the obtained curve fits onto a linear curve, where a regression of 1 is

highly desirable. Fig4.6 shows the relative calibration curve
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Fig.4.7 Absolute Calibration Graph
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Figure 4.7 shows the absolute calibration of the system, wherein voltage readings were captured
by varying magnetic field of a strong permanent magnet as seen in the figure below. The
permanent magnet has four screws at the top which can be used to vary the distance between
the two poles of the magnet. A commercial hall probe was used to cross check the sensor board
readings. The commercial hall probe readings and sensor readings were taken simultaneously
at each step by varying the field. The supply voltage was kept at 6V. The digital teslameter with
the commercial hall probe attached to it can measure field strength up to 3T. The offset of the

sensor board obtained was almost constant around 1.5 mV.

From the equation of the above curve, it can be observed that the slope of the graph is 1321.9
mV/T. The inverse of this value is to be multiplied to the voltage readings obtained to get the
required magnetic field. The regression of the curve is 0.9918, which an indicator of the

agreement of the values with linear trend.
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Fig.4.8 Absolute Calibration Testing
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The graph shown in the figure 4.7 was plotted based on Table no.4.3, which is shown below.

Table.4.3 Absolute calibration readings.

Magnetic Field (in Tesla) Voltage Readings (in mV)
0.87225 1243
0.84995 1227
0.8105 1158.5
0.77205 1131.3
0.74605 1100.1
0.7264 1089.8
0.7179 1061.1
0.70605 1048.3
0.7002 1036.9
0.6905 1010.6
0.6682 998
0.63915 955.1
0.6303 930.3
0.6155 905.2
0.5936 887.5
0.58805 863
0.5685 846.9
0.56065 829.1
0.5327 820.3
0.52205 805.6
0.87225 1243

4.4 Precision Calculations of the System

The precision stated in the requirement sheet was 0.2% of full scale reading

Full scale reading for the probe = 30,000 Gauss
0.2% of Full Scale = % X 30000 = 60 Gauss .

Therefore, desired Precision is 60 Gauss. From the datasheets, it is known that Hall Voltage
varies from 110 mV to 150 mV at 100 mT So, two calculations must be done- worst case and
best case precision

Worst Case:-

Hall Voltage at 100 mT (or 1000 G) =110 mV

Sensitivity (Gauss/mV) = =2 =9.09 G/mV

ADC resolution = 10 bit or 1024 quantization levels
Dynamic range of ADC=0to 5V .
Hence, Least Count (or Step Size) of ADC = ﬁ ~ SmV
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Therefore, Worst Case Least Count of Probe =9.09 X 5=45.45 G
Best Case:-

Hall Voltage at 100 mT (or 1000 G) = 150 mV

Sensitivity (Gauss/mV) = =22 = 6.66 G/mV

ADC resolution = 10 bit or 1024 quantization levels
Dynamic range of ADC=0to 5V

Hence, Least Count (or Step Size) of ADC = ﬁ ~ 5mV
Therefore, Best Case Least Count of Probe =6.66 X 5=33.33 G

The above calculations show that both best case and worst case precision calculations lie well
within the range of 0 to 60 Gauss

Also, precision can be improved by compromising full scale measurements as follows-

Case 1:- Let Maximum Magnetic field to be measured = 30,000 Gauss (3 Tesla)

Let sensitivity be 6.66 G/mV (Best case precision calculation)

30000

Hall voltage at 30,000 G = =45V
6.66 X100

Dynamic Range of ADC=0to 5V

Let gain of amplifier = 1

Therefore, Least count of magnetic field =33.33 G

Case 2:- Let Maximum Magnetic field to be measured = 15,000 Gauss (1.5 Tesla)

Let sensitivity be 6.66 G/mV (Best case precision calculation)

15000
6.66 X100

=225V

Hall voltage at 15,000 G =

Dynamic Range of ADC=0to 5V
Let gain of amplifier =2
Therefore, Least count of magnetic field = 16.65 G
From the calculations shown above, following conclusions can be drawn-
1. Higher precision can be achieved at the cost of reduced dynamic range.
2. ADC with a higher resolution can be used, but the chances of data corruption due to

noise also increases

41



Chapter 5

SUMMARY AND CONCLUSION

5.1 Summary

The project envisages making a Hall sensor array based magnetic measurement system to be
used for the Iron Calorimeter (ICAL) detector of the INO project. An extensive literature survey
was carried out to find out the existing techniques and systems which are used to measure
magnetic fields and why they are not suitable for our particular application. The literature
survey also included the study of magnetic fields and Hall sensors which are most suitable for
our specific application. Design of the circuit and system, taking the electric and mechanical
parameters and constraints into consideration was the next step. The probe that we designed is
capable of measuring strong magnetic fields (of up to 1.5T) produced within the ICAL magnet
using the Hall sensors. The sensed signals are then multiplexed, amplified, buffered and given
to the inbuilt 12-bit ADC of the Arduino Uno board. The Arduino Board is interfaced with
LabVIEW using serial communication bus. The digital data is displayed on the front panel
screen of the LabVIEW software and can be exported and stored in an Excel sheet for future

analysis.

5.2 Conclusion

The amplifier and buffer circuitry was initially tested using voltage inputs instead of actual
signals produced by the magnetic fields to ensure that this stage was operating smoothly. Later

on, the system was checked by using both the CYSJ106C & CYSJ166A Hall sensor ICs. After
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extensive tests and studies, we concluded that the CYSJ106C sensor was better suited for our
requirements. After the PCBs were designed and fabricated, further tests were carried out using
the ECR Ion Accelerator (Electron Cyclotron Resonance based lon Accelerator) available at
TIFR, Mumbai. The data showed excellent linearity in reference to the ECR measurement
system. However, the obtained values were found to be lower than the expected value as per its
data sheet. This was due to the fact that the Hall sensor assembly could not be placed exactly at
the center of the magnet (due to some access constraints) from which point the measurements
were taken by the ECR accelerator system. We then conducted some detailed absolute
calibration studies by using a strong permanent magnet whose field could be varied by the
changing the distance between the two poles. The readings obtained by our Hall sensors were
compared with those from a commercial Hall probe under the same magnetic field conditions.
The results were found to be satisfactory and thus we could obtain the absolute calibration of

our probe.

5.3 Future Scope

The probe that we designed and developed satisfies the specifications and requirements of the
INO project. The probe might be used in the actual application for measurement of ICAL
detector’s insitu magnetic fields next month. However, there are a number of areas that can be
worked up on to improve the system and its functionality. We are currently designing an one
meter long printed circuit board on which the sensors and the electronics is being integrated on
the board. By building the probe on a PCB, we could also reduce thickness of the probe to about
2mm, which is one of the main requirements of the probe. The LabVIEW front-end interface
will be improved to include more functionality and user friendly features which are required
for the operation, data acquisition and display. The ultimate objective of this prototype system
is to fine tune the system and produce a large number of boards which are needed by the INO

project in Madurai.
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Appendix 1

I.a Introduction

At the end of the project work at stage 1 and 2 students will be able to:

C421.1 (CO-1): Apply the knowledge based on curricular and co-curricular activities to solve
electronics and telecommunication based project work.

The knowledge acquired through curricular and co-curricular activities like Digital signal processing,
Analog electronics, Micro-controller and its applications was applied in implementing the hardware

circuits and analysis in the project.

C421.2 (CO-2): Systematically analyze electronics and telecommunication related project based
on the literature review.

The extensive literature survey was carried out for various aspects of the project such as working of
the Hall sensor, applications of the magnetic sensors in various fields, existing technologies to measure

the strength of magnetic field, etc.

C421.3 (CO-3): Design and develop hardware circuit and/or software code based on the problem
specifications about the project.

Hall probe board was being designed and implemented for testing magnetic field.

C421.4 (CO-4): Carry out different experiments to generate data, analyze and interpret the data,
and draw valid conclusions related on the project work.

Multiple tests were conducted and numerous readings were taken with designed Hall probe board.
C421.5 (CO-5): Select and apply appropriate modern tools for the solution of their project

problem.

Proteus, Arduino, OrCAD, and LabVIEW are the software tools used in the project .
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C421.6 (CO-6): Know the responsibility of the engineer towards the society with respect to their
project work.
The project is a research project for an industrial application and hence, it does not have much in

terms of day-to-day applications.

C421.7 (CO-7): Understand the impact of engineering solutions related to their project work in

societal context for sustainable development.

C421.8 (CO-8): Apply professional ethical principles while project implementation, report
writing, and publication.
Professional and personal ethics were followed in documentation of and preparation of report.

Appropriate citations and references were given as required .

C421.9 (CO-9): Work effectively as an individual and as a member of the team while the project
work is carried out.

The members of the team were able to work effectively for developing individual modules in the
project according to their areas of specialization. They were also able to work effectively as a team

while integrating these modules together.

C421.10 (CO-10): Communicate effectively while project report writing and oral/visual
presentations.
Each presentation had an improved aspect based on the discussions and feedback from the previous

presentations. The report was also modified accordingly

C421.11 (CO-11): Gain knowledge of engineering and management aspects while the project is
being implemented. The knowledge of various engineering and management aspects such as
performance, feasibility, accuracy, cost effectiveness, etc. was gained.

Proper work and time management was done. Finance was sponsored by TIFR hence mapping is 1.

C421.12 (CO-12) Engage themselves in independent and lifelong learning.

Concepts learned while executing the project will be used for further projects and research.



I.b Mapping course outcomes with program outcomes

Table shows mapping of course outcomes with program outcomes.

(Note: 1: Slightly 2: Moderately 3: Substantially If there is no correlation the cell to be left blank

or put -)

Program Outcomes

Course

Outcomes

PO1

PO2

PO3

PO4

PO5

PO6

PO7

POS8

PO9

PO10

PO11

PO12

CO1

CO2

CO3

CO4

CO5

CO6

CO7

CO8

CO9

Co10

COl11

CO12
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Appendix 11
DATASHEETS

Arduino Uno Datasheet

Arduino UNO

MADE
IHM ITALY

[l (B I s ]
=l b i 1 -
i ™ w

- o=

DIGITAL (Pud—)

nxvme  ARDUIND

. L RELAL II} L]
H__"ni:—l-inﬂtqﬁrﬂ B i i

=g Fiil

e, ARG i, L

Product Overview

The Arduing Uno s a microcontrolier board based on the ATmega32B (datasheal). It has 14 digital
inputioutput pins (of which 6 can be used as PWA oulputs), 6 analog inpuls, a 16 MHz crystal asciltator, a
USE conmection, a power jack, an ICSP header, and a resel bulton. It comtaing eventhing needed 1o
supporl the microcontroller; simply connect it to a computer with a USB cable or power it with a AC-t0-DC
adapter or battery 1o get started. The Uno differs from all preceding boands in that it does not use the FTDI
USB-o-senal driver chip, Instead, it features the AlmegaBU2 programmed as a USB-to-seral converter,

“Uno® means ane (n lalian and ks named ta mark the upcoming release of Arduing 1.0, The Uno and version
1.0 will be the reference varzsions of Arduno, moving fonsard. The Uno is the latest in a seres of USEB
Ardulng boards, and the reference model for the Arduine platform: for a companson with previous versions,
see the index of Arduing boards.
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Technical Specification

EAGLE fless: geglying: fugmiangesi-ung: esinn iy Schemali jrduing e sohamatic oof

Summar
Microcantralier ATmegal2e
Crparating Voltage 5V
Input Voltage (recommendad) F-12
Input Volage {limits) e300
Digital 113 Pins 14 (of which & provide PWM output)
Analog Input Pins G
OC Current per KO Pin 40 ma
DT Current for 3.3V Pin 50 ma
32 KB of which 0.5 KB used by
Flesh Memaory hasidiiiig
SRAM 2 KB
EEFROM 1 KB
Clock Speed 16 MHz
d
“Test”
Led 13

Power
Led

ARDUIND

)

P *hﬂ;i!#nlmg? B ool e

A Ll

analog pins|
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Tha Arduins Uno can b powsasred via the USE connection or with an asdemal powar supply. Tha powar
source s selecied sutomascaliy.

Extemnal [non-USE) power can come elther from sn AC-10-0C adapter (wall-wart) or battery. The adapter
can be connecied by plugging 8 2. 1mm center-positive plug into the board's power jack. Leads from a
battery can be inserted in the Gnd and Win pan hesdens of the POWER connector.

The boand can operate on an exbemnsal supply of 6 to 20 volts. If supplied with leas than TV, however, the 5
pin may supply k25s than five volts and the board may be unstable. If using more than 12%, te voltage
reguiaior may overnest end demage the board. The recommended range s T 1o 12 volis.

The power pins are as folows:

= WIN. The gt voltage fo the Arduine bosrd when if's using an externad power source (g8 opposed 10
5 volts from the LSE connection or other regulated power scwrce). You can supply woliage through
this pin, or, if aupplying voltage via the power jack, Bocess (i ihrough this pn

= 5V. The regulated power supply used to power the microcontrolier and ofher componerds on e
board. Thes can come either from YIN wia an on-board reguistor, o be supplied by USE or another
reguiated 5Y supply.

= 3IV3 A 3.3 wolt supply generated by the on-boaard regulator. Meximam cuement draw (s 50 mA

=  QGMND. Cround pins,

Memor

The Atmegad?s hes 32 K of flash memory for storing code (of which 0,5 KB s used for the booticader]; I
has also 2 KB of SRAM and 1 KB of EEPROM [which can be read and written with the EEPROM libran.

Input and Output

Each of the 14 digital pins on e Uno can be used as an ngut or output, using penhdode(), digitalWrite(), and
digitaifeadi| funchons. They operate af 5 volts. Each pin can provide or receive 8 maximam of 40 mé and
has an intemal pull-up resstor (dsconnected by defasl) of 20-50 kODhmaE. In addibon. seme ping have
specisiized funchons:

e Serial: 0 (RX) and 1 (TX). Used to recenve (RX) and tranami {TX) TTL senial data. TThese ping ane
connecied bo the comespomndng pens of the ATmegadU2 USB-1o-TTL Serial chip .

« External Interrupts: 2 and 3. These pins can be configurad 10 thgger &n merrupt ona ow vakee, &
rising or falling edge. or & change n value. See the gitachintermyoi() function for details.

= PWM: 3 5 6,9 10, and 11. Provide B-bit PWM output with the gnalogWigel) fencton.

= SPI: 10 (S5), 11 (MOS1), 12 (MIS0), 13 (SCK). These ping support 5P communicaton, which,
although prosvided by the wnderlying hardware, 5 not currentty inciuded incthe Ardasing lBRgusge.

e LED: 13. There is a bwli-in LED conmected to digital pin 13. ¥YWhen the pin @ HIGH value, the LED &=
on, when the pin s LOW, it's off,
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CYSJ106C Datasheet

[#ersion 2
Refexced in My 2096
Dr-ing. habil Jigou Ly

Clhent Lang
Technologies GmbH & Co. KG

~fle

CY5H06C GaAs HALL-EFFECT ELEMENTS

CY5J106C seres Hall-effect slement !5 3 lon-implanisd magnetic Neld sensor made of mono-
crystal gallum arsenide (GaAs) semiconductor matera group -V using lon-implanted
fechnotogy. It can converl 3 magnetic fux density signal Eneary Into voltage owput

TYPICAL APPLICATION BLOCK DIAGRAM

FEATURES
W, ke
) L !I.MFEH ez rement
. ;J‘LFE_?HPI G « DC Bnushices holor r iz
" perior Tempera o CumeT SEnsor
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WL INpLE Power = 150 T
Operaing Emparanre fhge Ta A-125 <
SAnEE ampaeTEe Enge T; -See- 1540 T
ELECTRICAL CHARACTERISTICS (T=23"C)
Baramsiar W Test condbions YELEe Lt
Hal Ut volegs Vi B=100MT, L=0ma=sv | 110150 | mv
Offset voitage Vos(VL) V=5, B=OmT £11 i
Input resistance R, B=0mT, L= imA ES0-ES0 0
CUtpAR resistEnce Pt EmDmT, L= 1M EED-ES0 0
Temperaime coeMmGen of T =5, E=100mT o B
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Connection

source
[ | Dmerentia Ampaner
Circud 1
2 1
CYSJ06C
3 4
@
0
Consiant Voltage
soLrea (4]
Circust 2
2 1
CYSHO6C
3 4
Canstant Voliage l; | Fois
source |-}

Application Notes

The Hall vwofage Vi« =0 be postive and negatlve. Bul If one connsss e sersor a5 follows (CiTul 11

An 1: positive nput voitage V+, Tor instance +5VOC.
PN 3: GND

Fin 2 OUTPUT

An 4: GND

Cne cam onl nmreﬂenﬁhemgemﬂ'e n 2. This means Hial e mtigeetm
Hﬂﬁﬂﬂ.%@ﬁ%mmﬁmmmmmmmmm%m

Hall waitage. The cutput voitage & equal fo e sum of ofse! voitage and Hall voitage.
The offset voitage will be 2em I you connact doubie power sUpples V4 and V- to e sensor [drout 2)

An i positive Input voitage W+, Tor Instance +5VDC.
Fin3; negative INput voltage =, for Instance DG
an 2

an 4 GND

1 this case the output voRage I equal 1o the Hall Voitage.
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LM747 Datasheet

Wowamibar 1994

National Semiconductor

LM747
Dual Operational Amplifier

General Description

The LMT 47 & a gonoml puposs dual sporafonal empicior.
Ther fwo armpifors shars a oommdon bas nolwork and powor
=pply loads. O focwisa, thar operafon B complotaly inde-
panddani

Addtonal fealures of To LWP 47 ore no Inlchug when in

o ovmmaon mad erango B axoeoded, imadom fam osala

fons, and padkagn famdtliity.

The LMTATC/LM7ATE is denfcal fo tha LMTETALMTETA
oo fhal the LMTEPCALMTETE has ds specioafons
guaraniead oeor o emperature rangs fmom FC 10 + 70°C
insioand of —55°C o + 1257C

Features

B No imquenoy componsalion rogquned

B Shardomudl protaction

B ‘Wide commaan maoda and difhoron Sal eallage mng s
B Low povenc aonssmigbon

B No kmch-un

B Bakanoad ofiset null

Connection Diagrams
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Absolute Maximum Ratings
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Typical Performance Characteristics

Input Bias and OHfset
Currents va Ambient

Teamparcaiure

i 11 il any
80 |- LMTAT /LM AT ey

v 1)
|

(AT G [l
=
g
T
©
E

=
E
&
-
£
L
L -!m.!'r IIHT'I.lbe.I"".: ul;“
18 g e e
s ol L
:. i i'l\- -
= ]
R -
" H LU
r CRIESIT
Ly SEORT ST T |
iz LR H] ————
o L1 1
“ED =30 10 &1 100 4B
AHNEHT TOWFIRATUAL [%2)
Frequency Characteriscs
vs Supply Voltage
i T
9 r‘.-i-z!ﬁ;
1 TRAHSENT
D P
E N S "é
E DR LEt
% RAKDVET
|
=11 _
1 W ] Y

SUPFLY WILTACE {4

JETPEL (¥} OAE T3 PEAK, SUTPET SAOMG (V) NELATINE WALLE

RITPT RESETAMGE (&)

DG Par smeebers
vs Supply Voltage

= ] 1 o

ALY WOLTASE (AW

Oudput Voltage Swing
va LoadResistanoe

s I
/
.
7
P
/
L]

BT afF B 48 10 54
L3l RIASTASCE (Rn)

ra B EaERHEERHN

Transient
]

[ |
| | |
a =

i 1 ]

wiEn]
1 l"l.. ;‘-H
1 ) g = 10Epl
| | L1
0 0.20d L4DE D50 AEH |

-
et |

T {gaf

o B8 BE B ER

5

ALk V2 PEAK SVTPUT S (] COMMON. WIPE FEETTON WS

EOLATING WALLE

FRLTAOT QA

Ciormmion Mode Rejection
Ratio vs Frequency
12t =TT

1k
188 Ty '_ﬂ

13

13 \ﬁ.\
H

T i

L ""‘

LfF—f—a— —

dE

it 3,

1o Ik TR MR W (M
FROGECACYT {Hal
Dutput Swing and
Input Range vs
Supply Voltage
ae
fi=ea] ]
d ! i i
g SETET NOLTRSE “
TN [ h,.;_.“;‘?;{ L]
L Pl 12

Ly AR
1 == BAREE kY
.l

1
11 3 L
1 4
L
1

-

LA 195 VLT D00 SORECD LN

i
ol
] 19 I m
SUFFLE NOUTAED {av)

Frequenoy Characberis tios
wvs Ambient Tempearatre

W,

!1; *IIl.
1 m-ml;r-
L

i
(Latily
wEEn

&0 M m L] 13 B

NCEPTRETERT £°C)

OpenLoop Transfer
o Characteristics vs Frequency
Lo
o Tyma2e | g
B =& IkD
SN T
" - -4 §
oo D L] L, 2
Il -155?
t a 15
it

i WO ik ik B IO
PRI fi)

TLIFTdE-2

56




LM747 Dual Operational Amplifier

Physical Dimensions inches (millmets) Coniniad)

[Fr B R
II" [T

DRAT .. B M
8T T R

FTER 1
oIz Doy
T
ﬂﬂ;- . L b1 1k i
- aEn T o o
| i
i
[
i (Wl | #
15 | [ dar o
i -
my LiE-pi | T wmeams
ok cscall M1 Wi
e e SRR
o Sl r )
— AEEZAN ..
R

1
L L
ST
s
-1
fl AL}
-

DuaHn-Line Packags [N}
Order Humber LM7A7CH or L7 S7EN
NS Package Number H144

LIFE SUPPORT POLICY

T T

" mr

MNATIONAL'S PAODUCTS ARE NOT AUTHORMEED FOR USE AS CAITICAL COMPONENTS IN UFE SUPPOAT
DEVICES DA SYSTEMS WITHDUT THE EXPRESS WHITTEM APPROVAL OF THE PRESGIDENT OF MATIOMAL
SEMICONDUCTCR CORPOAATION. fAs used haran

L Lie suppodl devioss or sylems oe dindoss o 20 A oifosl componanl s any componad of a Eo
sysioms which, (4] am inlendod for surgioal mplant
ity tha bady, o {B) suppord ar sustain Ba, and whosa
fakum o parlorm, whon pmpady usod i acadandanoe
with inslrucions for me pravided in the lnbaling, can
bo reasonshly acpacted o resull ina sSgnioant Epery

sopat divics o sysiom whose filim o padam can
b masomably moactod o cause the islore of the B
ormo! divon or syslem, or 1o oiool s sadely o
ol oo Feamass.

10 T s,
Bigicrmi Sami oo du e LE-S 1 b e Myirrsl Samic adusia Biw o a S-ami-oorducier
Coparmlia Eu Hong ieng 152 depma L
TEET W el it iy P Fac (A8 O-190-5110 6 &6 1 Oh Mooy, Sineght Sioc, Tl o 0-ER-EE
E i TE WO Coman Uanis, B Canion Fid Fae 8 10405 ) S

Til: 1 00 ) TN
P 1 () AT S O

Erral: ey il mEcn
Omgnch Tal: :ﬂ?ﬂ-:m—uu o

Enghsh  Tal: { HAE 0-100-502 70 02
Fromes Tal: |45 0-190-512 29 5
ismbann  Tals (AU 0-1M0-504 1E 0

T o | ot v

Hiong oy
Tk (S ITTT-160
Fac 84 I ST

57




MC14067B Datasheet

MC14067B

Analog Multiplexers /
Demultiplexers

The MC140¢7 multplexerdemiltplerer is 3 digptally conamolled
ardlog switch feanming low ON resistamce and very o= leziage ON Semiconductor’
mament. This device can be used in edther digial or analog

spplicanons, It sonasmi.com
The MT147 i 3 18—chamne maltiplerer denmlipleser with @
inhib# and four tanary contol inpuis A, B, C, and D These condol

inpuis selec! 1—of—10 channels by faming 0N e approprate malog
siich feee BICI4007 o takde)

Featuren

# Low OFF Legksge Curent B i

& Mgiched Chammesl Regoiance CASET51E

® Lo Quuiescent Power Consangticn

& Loor Crosstlk Berseen Thammels MARKING DIAGRAM
Wide Operatimg Violtzge Range: 3 o 15V
Lowr Maise

MLV Prefiz for Automotive snd Ofher Applicfions Requinng

Trnigque Site @rd Conkol Change Regeimemenis; AEC—Q100 & = Azeweebl Locaien
nzlified and FPAF Capabie WL = Wader L=
Y = Vewr
BAIMUM RATINGS [Vcksgec Fafesnzed i Vsl WA = Work Wesk
3 = Fe-Fres Packegs
Symibal Prromater Vol Linmt
Voo Dz Bupply Wolmge Smngs -G8t = 180 W
v DRDERIMNG INFORMATION
W Wogy | Iopet or Chtpant Vickmom Range -Dim W+ 02 W i 3
DS or Trancmnd T " - 1 cacage
ERCEon onisegs © of the Sls eraet
b leput Currang (DT or Tramciwmt!, £10 i
s Contsl Fn
. Ewich Through Curmct =1 Y
Fo Fowst Dicopaton, par Fackegs i 1] =i
Phicbm 11
Tx Arrkinre Tempaenrus Fangs -Ho=133
Tz Zizeage Termperators Fangs - Bt = 150 "
T Lsaez Tempermrurs b - i HES
[E—Eacond Scidaringl
b i~y Manimom Asange may demage the devics. Meomsm
Frtngz mre ctwox reboge ondy. Puncional oosmtos shove the Rescommandsd
L vg Dondfonz iz not impled L moove
R e 1 Cronde rrmy wFwst dewcs rehabd
1. Terpsmwiurs Deewting:

Plazic P and IOW" Fackeges: - 7.0 =" C From 85°C Ta 1237 C

Thes desics corfene protechicn ormusny b guard sganct damags dus = Righ
st wol ore Salda. 5 3 rreaet ba tnkwn b aesid
mchcatione o mny wofsge Righer ther maomum resd vobeges & tho
hig—rmedence cmun. Mor poper opsreton, Wi end Wiy choulkd be concraned
o the renge Ve = e orVo = Voo

Leused impuir muct abvmye be Sed 3o en appropers kogic wolisge: level
feg.. wdhar Wes or Vol Unuced cutpuis maust b ek opan

& . Lo Ll Fti 1 Pubboation Order Nusbaer
May, 2013 - Ae O MCTHETED

58



MCia067B

ELECTRICAL CHARACTERISTICE

- 550 25°C el
Chomctriztic Bymiad | Wi Text Comditionz Min | Box | Wi | Tel® | Moz | Mn | Box | Una
SUPFLY RECINREMENTE [Votmges Faferences o= Wy
Fower Supcly Wokege Woo - ac i 4.0 - m ac b W
Sange
Chrmzcmt Corrwrs Far o 30 | Conerel Inpues: Vi o - & - oL 0 =0 - 150 | pA
Fpziage j[E] ‘Wan or oo, - i} - Al ik 1] 10 - =0
3 | Baich BO: Vg & Woo = - 20 - 0013 A - LD
Woo, med
AN e 5 00 iy B
T:ulE-l\.-pal- Coarmmrs e :IE Ty = 2P C oely The SLOT B 4 + o T
TCrmmmie P 0 ST 2T : :
; T = Typecm 100 p Akt + o
Chinmzmr, i|:] e = WosiRes, i 1036 wAAEE] S + b
P Package ot nciuced ] - 3 20
CONTROL INPUTS — INHIBIT, & B C, D [¥olegee Flafsesnced i as)
L=as—_wawl Imgnd zbaga Ve LD | Fon = pmr opar, - 13 - 204 1.0 - 13 v
0 | ke = per e - 20 - 50 A0 - 20
1% - & ] - [ 0 - 40
Fign—Leww! lrpue 'dengs Vs 30 | Py = per =, a3 - ad .73 - a3 - W
10 | la=peroac - - e =% - .G -
b n - n s} - n -
Iz Lombmge Cureet -8 18 | Ve= 0o Ve - + 1 - +0LD000T | £000 - 1.0 1.1
impr Sapecinecs C —_ - - - h ] 7.0 - - =
SWITCHES INDUT AMD COMBONS OUTIN — X, ¥ (Volsges Faberenced & Vo)
Fleccmmunded Faak -2 Vi - Channed O o OF il oo o - W il Voo | Maoae
Feak dolage ke o
1Dhut o the Shwrich
Fecoromended Shabs or | AW - Crarned On ) [ +4] a - 500 o 200 | mY
Crmmmis Velbmga
Bzrose th Baich
T 1
Dhoems Tl Wnisnge Yoo - Ve = 0 Mo Loms - - - Ta - - - iy
OM Amcztarce Aa= O | Al gy = 500 mefe' B2 - =) - otk T - 12300 | @
5] W = Vi mr Wi - 00 - [ .k i 1} - 30
b ICarirol, med Vi - ] - il Faeth - a0
0 Voo i Seah]
K100 Fagictaemcn L a0 - ™ - 23 ] - a3 | @
Sg-mET e - v 1] - k] = 1] - o
By Twa Chanmsie T3 - b ] - T ) - =]
‘nthe S Focimgs
OF-Crarrsl Leakage L 13 | M= Voo W - | & TG - + [LCD 100 - £1000| =@
Curment [Figues 25 Carmall Cran=sliz
Channsl or fey Ona
Channal
Capuosimmce, Saren 110 =T ) ~ | l=hbi =g - — — 10 - - - =
Caomzemrnos, Tammon O S = |iehbi=t g =
MCTISDETS] - - - [LE - - -
MCTS0ETE] - - - B0 - - -
Capectw-cn, Fescthrough S - Fire Mot Admm-ert - - - {=E T - - - =
[Cmrne O - Fire Soacer=

£ Cuea lmbteimsl “Typ" & not = b umed o design pusscese, bin s mended az we noizeton of Ss o poental pErsrrnance
A For wckags Sraps mormas the ewech PN ) - 600 rn'-.'.l -.El}:l m at high :_rrp-'lﬂ.lflll-. IN-.:I-ﬂ:.'.'\I Yo SuTee may ba drawr im
the curme® out oF e camich may cormn both Won mnd swech mput comporaniz. The edmbliy of the desace will be unafecsd unlecs the
M Fatimge are socssciesl (ias Aripmge =F e S hesll

hittp: onoemicom
a

59



MC14067E

PACHAGE DIMEMSIONS

B0OIC-24 WE
CASE TRIE-04
ESUEF
WO TR
P e PR s B ETLE TR e T
|E| T, T
5. RO o R el
A T ey T el s ST
el O il LR e me- SR il s
B TETTM 3 e 5 e T-E LEen T
et 5 sy o ann B ol 40T aCLaen s
e, mERTTTR e TS G SR e
madi s e TS Gl B e
_.4 L sl FeiiEs e b ren oef R facl. svrRRcitus
ﬁmm:unﬁ:
EE T -
DETALA o AT ST .
& oo ciieao af Tl L orimanlE
T T HG el 70 Tl T
- wlr O Tl el Fiiore
soraTn [os@|clam|e@m] I
TP WEW | oo | T
h A | Tas | Tad
- [ an | wom | coe
& 1) 2| ol ] oo
epk | pid
[l = T
""i\_ [] 1.5
Bl =T -5
= al vrEe |
L i L] ok | ool
EMD VIEW | | oo | oo
[ ar [
RECOMIRENDED
EOLDERING FOOTPRINT®
Feo
- | 152
|
- I - n.oe
1
fa—127
FITCH

oo ST Rl
T or sddional Fomasior on owr P cowtegy and acldenng
dwtads, Flamcs doanioad e DN Ssmaccnducer Scldeing mrd
Blzurtng Techreouse Asfsrsce el SOLOEFRNRT,

nuumm.dnwwrmlmm“imﬁ B e T T D 8 TOTISNS OF DT TR
TG, TR O N CT RS T . g o B DO oG (TG D T D D T, T P S SR BT Bl
PV T M © T TG AT PTG OO A IS ML WO ke W el T M TIASO" T Gk el T D ST 1 I [ T AT
m:-rn.nurn'“ih.l_"'huuﬁn-rmu?mmamnﬂmnmﬁmmmmuuﬂ;rn.-q—'v.:
WIATON ACCTL (LAl TR0 SRS, T DRCAT SRS ST TRy Db IO T S A e S0 BRSO O BN 30 WY I, O s
AN NI T i Ty Tl T 00 50l T DTl [P T TR T e i ] O ) DT AENICNECH O LTI R e e o
DN, P, 0P Ty il LT N S (TR, TR I N O M ) PRTMOTI e RO M. PRSI (O SR T e i COTEDCATTS 1T oy BT DA T
T DT I e 30 O (U SO MGl ™ Chie] T S P, O L . (4 ™y O COURAC0 7Y 'V 7l TN 0 Tl . 1 EFILACY oL el i, ISl e
umrj.rr::-ﬂf«m:r qmukwmanlﬂr.l.ﬂmuqmmamummﬁ'mmwuﬂum

I (e, R i, A . TR, ™) RIS T g (g, COL. g - T i S Mt ST M. T O . P O MRy
A (T T P Tl WY O DT e ST T LT LPIENZAE O TTIOT T s ST T T i I e L e AT M T BT MATLPMS R
e Bl @ e Bk Mepomsrr s Soor Erporer. Te ST TP P G PO Ml AT TR

HHIJBAIH!!'I ORCERING INFORMATION

LrrimaTunE mo_ e s R H & T OB TROITOIN BUGPOR o000 — i T P BN Selula B AT D

LR SRR T T Y ST e i il - T = -

o, B e o, oo BT Wi Eorops. Fres Eoes 9rF S1R08 TWOTESNE BURRETT B

PR N e T 8 OO DR O O T AL 0T 411 T e i

Y AT TR B A H T TH BT L L AN AR Db L Ll -IhumF IECTRTINL Biliddidi T IACT OAT OCH
e e e B T T e T D

WS apeTED

60



APPENDIX III

PUBLICATIONS

Paper submitted and presented at IETE 49" Mid Term Symposium-2018 held in
Vishakhapatnam on 8™ and 9'" April, 2018

49“‘ MID TERM SYMPUSIUM (MTS-2018)

AL pece Thews

s cone
o w ,1‘\ | ‘_. | APRIL 89,2018

VISAKHAPATNAM 530 003

61






Hall Sensor Array based Magnetic Field
Measurement System

Monika Budania', Annabelle Dani?, Sanika Itagi’, Lawansh Singh*, B. Satyanarayana® and Amruta Pabarekar®

1,2,3.4, 6Department of Electronics and Telecommunication, Fr. C.R.I.T, Vashi, Navi Mumbai, India
SDepartment of High Energy Physics, Tata Institute of Fundamental Research, Colaba, Mumbai, India

Email: 'monikabudania999@gmail.com, 2annabelle.dani97@gmail.com, *sanikaitagi@gmail.com, *lawansh10@gmail.com,

Sbsn@tifr.res.in, *amruta.pabarekar@fcrit.ac.in

Abstract-- Measurement of magnetic fields is one of
the important requirements in many research and
development applications. Hall Sensors which function
on the principle of Hall Effect, are used to measure
these parameters. In this paper, we propose a Hall
sensor array based magnetic field measurement
system. 16 hall sensors are mounted on a thin mount
equidistant to each other at a gap of 60 mm and their
sensing element being parallel to the mount. While on
the front-end, the sensor signals are multiplexed and
amplified, they are digitised and processed by a
microcontroller on the back-end. A suitable graphical
user interface is also developed to customise and
control the system as well to output and archive the
data suitably. We will present the motivation of our
work and describe the design along with selection
criteria of various chosen sensors and other
components. We will also discuss about our initial
results obtained along with future prospects of our
work.

Keywords-- Magnetic field, Hall Sensor, INO project,
Data acquisition system.

[. INTRODUCTION

Magnetic field vector is a force generated by
moving electric charges currents and calculated
using the Ampere's Law or the Biot-Savart Law.
When describing it inside magnetised materials
which themselves contribute to internal magnetic
fields, this field is denoted by either magnetic flux
density, B (Tesla) or magnetic field strength, H
(amperes per meter). Magnetic field is one of the
two components of the Electromagnetic force,
which is one of the most pervasive fundamental
forces of nature. Magnetic fields are most commonly
applied in working of modern technologies and
designing instrume*nts. Motors and generators,
electromotive instruments and mass transport
systems, navigation devices and material handling
equipments are some of the examples.

While in everyday life, magnetic fields created
by permanent magnets are most often encountered,
magnets of different kinds - electromagnetic,
superconducting etc., are being extensively used in
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experimental nuclear and high energy physics and
material sciences. Very large and powerful magnets
are used to build particle accelerators and detectors
typically to accelerate or bend the charged particle
beams and measure the energy of the particles.
Magnetic forces give information about the charge
carriers in a material through the Hall Effect. And on
the other hand, Hall Effect is often exploited to
precisely measure and monitor magnetic field
strengths of all the magnetic systems mentioned
above, which is an important requirement of such
systems.

II. MOTIVATION

The India-based Neutrino Observatory (INO) is a
multi-institutional national project aimed at building
a world-class underground laboratory at the Bodi
West Hills near Madurai in Tamil Nadu. The
collaboration is deeply engaged in design and
construction of a mega science experiment called
Iron Calorimeter (ICAL) for studying many key
open questions involving the elusive particles called
neutrinos. The magnetised ICAL will consist of
more than 50000 tons of iron plates arranged in
stacks with gaps in between where around 28,800
Resistive Plate Chambers (RPCs) would be inserted
as active detectors. A total of about 3.6 million ultra
high speed detector signals need to be instrumented
in this detector [1].

One of the most important capabilities of the ICAL
detector is to distinguish between positively and
negatively charged particles produced by the
neutrinos within the ICAL detector as well as
measure their energies. In fact, [CAL will be world’s
largest electromagnet, which is built using the iron
plates and copper coils. About 1.5 Tesla magnetic
field which will be produced within the ICAL will
bend the particles of opposite polarities in different
directions, hence identifying their charge. Also By
measuring the radius of curvature of these bent
tracks, one can estimate the momentum or energy of
the particles. We therefore need precise simulation



of the field within the volume of the detector as well
as its measurement.

It is proposed by the INO collaboration that a
prototype ICAL detector of 4m x 4m x 11 layers and
weighing about 85 tons be built in IICHEP
laboratory in Madurai to facilitate initial
experiments related to magnet construction and
other concerned issues. A picture of this magnet
under construction is shown in Figure 1.

Construction scheme of the magnet along with iron
plates and copper coils is clearly seen in the picture.

Figure 1: Magnet of the prototype ICAL detector
under installation and commissioning in Madurai.

Simulated magnetic flux in a layer of the prototype
detector using the configuration shown in Figure 1
is given in Figure 2. The design criteria is that we
achieve more than 1 Tesla field in as large a volume
(about 90%) as possible using minimum current in
the Copper coils.
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Figure 2: Simulated magnetic flux lines in an iron
layer of the the prototype detector.

It was strongly desired by the Collaboration that a
reliable and versatile measurement system may be
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developed for insitu monitoring the magnetic field
in the prototype detector of the ICAL. Specially
designed Hall sensor arrays are planned to be
inserted or mounted in the gaps of size 1000mm x
56mm x 3mm available in the structure. It is
envisaged that such a system, if found suitable and
useful may also be deployed for the ICAL detector
itself by replicating a large number of these systems.
Table 1 lists specifications of the measurement
system [2].

Parameter Value

Basic Sensor Material Mono-crystal GaAs

Type of Probe For transverse field
measurement

Measurement Range Upto 30 KGauss

Accuracy 0.2% of full scale

Non Linearity <1%

Maximum Input current/voltage | 30 mA/10 V

Max input power 150 mW

Operating Temp. Range 40-150 °C

Hall output voltage at

B=100mT, =8 mA, V=6V 10-150mV

Offset Voltage +11 mV

Input Resistance 650-800 Q

Output Resistance 650-800 Q

Temperature Coefficient of Hall 0.06%/°C

output voltage

Temperatgre Coefficient of Hall 0.3%/°C

output resistance

Table 1: Hall probe sensor specifications.

III. LITERATURE REVIEW

Magnetic sensors are used for converting magnetic
field into electrical signals [3]. Magnetic sensors
have many applications such as position tracking
and navigation systems, detection of ferromagnetic
and conducting objects and antitheft systems.
Possible magnetic field measurement methods
found in the literature are induction based (flux
meter and flux gate), Hall Effect based, magneto
resistance based, magnetic resonance based and
super conducting quantum interference device
(SQUID) based. But methods like SQUID come
under low field sensors which can sense very low
values of magnetic fields, i.e., under 1puGauss. Hall
sensors have very wide range, good accuracy and a
very wide bandwidth, so they were chosen as the
primary sensors for magnetic field measurement
system for the ICAL prototype detector.

Most commonly used magnetic sensors are MEMS-
type, which are bigger in size. In this project, size of
the probe is of major concern, where the thickness
of the mount including the sensor should fit into a
slot of less than 3mm. Therefore a Hall sensor is
chosen. A hall sensor is a type of magnetic sensor



whose output is a function of magnetic field density.
It is based on the principle of Hall Effect, discovered
in 1879 by Edwin Hall. The Hall Effect is favored in
materials with high electron mobility and low
conductivity. Hence, in a Hall sensor, the base
material used is a semiconductor and not a metal [4].

When a conductor is placed in a magnetic field
perpendicular to the direction of the electrons, they
will be deflected from a straight path. Therefore, one
plane of the conductor becomes positively charged
and the side opposite to this becomes negatively
charged. The voltage between these planes is called
the Hall voltage. This output Hall voltage is given
by the following equation:

I
Vh = Rh (E X B)
Where:

=  Vuis the Hall voltage in Volts
= Ry is the Hall Effect co-efficient
= [is the current flow through the sensor
in Amperes
= tis the thickness of the sensor in mm
= B is the magnetic flux density in Tesla

Figure 3: Illustration of Hall Effect [4].

Hall Effect is illustrated in Figure 3. A magnetic
field B (normal to the plate) is applied and a current
I (current density J) flows in the y direction through
the CC contacts. The output voltage is measured
through the S1S2 contacts. Hall Effect sensors in the
market are available with either linear or digital
outputs. The output signal for linear sensors is taken
directly from the output of the operational amplifier.
In case of linear output Hall Effect sensors, as the
strength of the magnetic field increases the output
signal from the amplifier will also increase until it
begins to saturate. The saturation voltage is limited
by the supply voltages. Digital output sensors on the
other hand use a Schmitt trigger circuitry connected
to the operational amplifiers. When the magnetic
flux passing through the Hall sensor exceeds a
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preset value, the output from the device switches
quickly between its "OFF" condition to an "ON"
condition.

A market survey was conducted to identify Hall
sensors which match the design specifications and
the same are shortlisted in the Table 2.

Parameter CYSJ106C | CYSJI66A KSY14

. Mono- Mono- Mono-
Basic sensor crystal crystal crystal
Material GaAS GaAS GaAS
Hall Output
Voltage, mV
B=100mT, 110-150 156-204 95-130
IC=8mA/VC=6V
Offset
Voltage. mV £11 +8 420
Input
Resistance, Q 650-850 1000-1500 900-1200
Output 650-850 1800-3000 | 900-1200
Resistance, Q
Maximum input | 3 010y | 1oy TmA
current/voltage
Operating Temp. | 45 1p5ec | 40.125°c | 297
range 175°C

Table 2: Summary of Hall sensors meeting the
system requirement specifications.

IV. OVERVIEW OF THE SYSTEM

The measurement system essentially comprises of
three major subsystems, namely the signal
acquisition, analog and digital signal processing and
front end data and user interface. Figure 4 shows
block diagram of the hardware part of the magnetic
field measurement system.

Hall S
Sensor 1
s Hall ) )

ensor -+
ie Arduino
Analog i .
Multiplexer 28n

Hall N

Sensor 16

Figure 4: Block diagram of the hardware of the
magnetic field measurement system.

The signal acquisition subsystem senses the
magnetic field at multiple points in and converts it
into corresponding analog voltages. This is
essentially achieved by the network of a 16 Hall



sensors, which in turn are fed to the subsequent
analog and digital signal processing subsystems.
Here the signals from 16 Hall sensors are multiplexed
and the multiplexed signal is amplified by an
operational amplifier (LM747N) based amplifier.
This data is further sent to an inbuilt Analog to
Digital Converter (ADC) of a microcontroller for
digitizing the sensor signals. An analog buffer
(LM747N) was used to provide impedance matching
and driving capability to the amplified signal from
the multiplexer board to the microcontroller board.
Overall control, readout and communication with the
front end user interface are achieved a commercial
microcontroller board.

Thus, this subsystem works on the principle of Time
Division Multiplexing, wherein one sensor at a time
is selected by the microcontroller using select lines
of the analog multiplexer (CD4067N) and its data is
processed in a continuous loop.
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Figure 5: Multiplexer-Amplfier-Buffer module.

The multiplexer-Amplifier-Buffer module of the
project was implemented as shown in Figure 5 and
the performance parameters of the same matched
with the expected results. The result was observed
on an Arduino board’s Serial Monitor. For the signal
conditioning stage, the Hall sensor outputs were
simulated by multiple voltages supplied from DC
power supplies. The output of these power supplies
were set to a few volts, similar to the voltage output
expected from the Hall sensors. The readings
measured by a digital multimeter matched
accurately with those obtained by the Arduino IDE
board.

The front-end GUI refreshes the display screen with
the acquired data after a fixed time. The
multiplexing avoids need for one ADC channel of
the microcontroller per sensor, instead only one
ADC channel is sufficient for all the 16 sensors. This
design methodology is suitable for this system as the
signals produced by the sensor even during ramp up
or ramp down of magnetic field are very slow and
are essentially DC signals. Therefore multiplexing
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of the sensors or the some finite amount of time
taken for processing of data for per sensor doesn’t
affect the performance of the overall system.

V. HARDWARE DESIGN

As mentioned previously the Hall sensor array will
be inserted in an inter-iron plate gap of 1000mm x
S56mm x 3mm within the detector volume. This
arrangement is schematically depicted for a single
sensor in Figure 6.

On one end of the same PVC strip, mounted another
small PCB which housed the analog multiplexer and
a linear amplifier circuits. A flat cable that ran from
the small PCB across all the sensor boards
distributes the bias voltages to the sensors and
brings sensors’ output signals to the analog
multiplexer. The small PCB takes power supplies
through an appropriate connector, sends out the
multiplexed and amplified signal to the ADC
through a LEMO connector and also receives the
digital I/O lines for sensor selection on a flat cable
from the microcontroller board.

Iron Plates

Figure 6: Schematic of sensor position and
placement in the detector.

The following design methodology of the sensor
array is followed to satisfy the system requirements.
A PVC strip of 1000mm x 55 mm is chosen as
shown in the upper part of Figure 7. It was sliced in
its thickness in order to hold the tiny sensor pitch
adapter boards without increasing the overall
thickness of the probe. The sensor boards are placed
at the centre of the PVC strip and at about 60mm
distance from each other and 16 such sensor boards
are mounted on the PVC strip as shown in the lower
part of Figure 7. This design allows placing of
sensors precisely at the middle position of the iron
plate thickness (which is 55mm) vertically while
making measurements. A perpendicular extension is
designed on the PVC strip for hand grip so that the
1000mm long strip can be inserted and removed
casily.



Hall Sensor ~ Hall Probe Strip

Figure 7: Schematic of the Hall probe array (upper
part) and fully assembled probe (bottom part).

Overall thickness of the sensor array strip is
maintained at 2mm, thus leaving about 0.5mm on its
either side to wrap with an insulating plastic film
before inserting the strip inside a gap between iron
plates. The insulating film will also provide
protection to the probe against any scratches,
damages and dust.

Thus two types of PCBs - one sensor board (16 nos.)
and another of multiplexer and amplifier board (one
no.) were used to fabricate the sensor array strip.
Schematics for both the boards were prepared, which
were then used to prepare the layout using OrCAD.
Double sided design was used to prepare and produce
both the PCBs without any manufacturing problems
with high reliability and performance.

VI. SOFTWARE DESCRIPTION

The data acquisition software selects sensors in a
loop, acquires statistically significant number of
readings for each sensor, applies corresponding
calibration of the sensor, presents the data in a
convenient format to the user and finally stores the
data on disk as per the user requirement for later
retrieval and analysis. National Instruments Labview
software platform was used to design an elegant
Graphical User Interface (GUI) that performs all the
above mentioned functions of the system. A inbuilt
functionality called VISA resource was made use of
in order to communicate with the microcontroller
using a serial USB communication port. The
software essentially consists of two main windows, a
block diagram and a front panel. The block diagram
window is used to create serial read logic from the
microcontroller using VISA resource manager (as
shown in Figure 8). Front panel is used for displaying
various indicators and graphs, The readings can also
be imported into a spreadsheet for detailed analysis
purposes later.
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VISA resource name
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read buffer

Figure 8: Block diagram of the Labview Software.
The sensor readings are obtained sequentially via the
serial port and displayed on the front panel.

Similarly the front end of the probe was built using
Labview and corresponding fields appeared in front
panel. Shown in Figure 9 is a sample code run by the
microcontroller module and readings obtained on the
front panel.
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Figure 9: Front panel of Labview, showing readings
obtained on analog pin of arduino, and serially
transmitted to the Labview via serial USB.

VII. PRELIMINARY RESULTS

To begin with, the system was tested qualitatively by
using a pair of permanent magnets. The plot in
Figure 10 shows as the distance between two
permanent magnets increases, the hall voltage
decreases. But magnetic field intensity increases as
distance decreases. Therefore, we can conclude that
hall voltage is directly proportional to magnetic field
intensity and inversely proportional to the distance
between magnets.
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Figure 10: Qualitative testing of the system using a
pair of permanent magnets.

[}



We followed this measurement by systematically
studying relative performance of the two Hall probe
sensors - CYSJ106C and CYSJ166A that we
procured. A summary of these studies are shown in
Table 3.

SN Measurement Output Voltage
| Conditions (in mV)
. CYSJ106C -
1 One pair of magnets 40 9mV
. CYSJ106C -
2 Two pairs of magnets 116.3mV
One pair of magnets CYSJ106C -
. 31.1mV
3 with two Hall sensors
kept side by side CYSJI66A -
P Y 41.6mV

Table 3: Comparative performance study of two of
the Hall sensors.

In Test Condition 1, a pair of magnets with a stronger
magnetic field were placed 45mm apart. The
CYSJ106C sensor was placed between the two
magnets. The output was found to be 40.9mV. In
Test Condition 2, the first pair of stronger magnets
were placed in the same position as that in Condition
1 and a pair of weaker magnets were placed 65cm
apart. The sensor CYSJ106C was placed exactly in
the middle of both pairs of magnets. The output
voltage was found to be 116.3mV. In Test Condition
3, a single pair of magnets were used with two
sensors (CYSJ106C and CYSJ166A) placed side by
side. The reading obtained by CYSJ106C was
31.1mV while it was 41.6mV with CYSJ166A.
Based on these observations and the specifications
given, we conclude that CYSJ106C is better suited
for our requirements than CYSJ166A.

After the initial studies reported above, a probe was
assembled using six sensors initially. This was a full
system mockup in which the Hall probes, the
electronics (multiplexing and amplification), ADC,
microcontroller and front-end software components
all were tested. Two sets of readings were taken to
verify reproducibility of the system. Table 4 shows
the readings taken without and with magnetic field,
which show reasonable consistency at this stage of
the project.

Reading 1 (in mV) | Reading 2 (in mV)
Cha Withou
. Without | With ¢ With
No. | Magnet | Magnet Magnet Magnet
s s S S
2 120 660 120 660
4 210 620 210 640
6 160 700 170 700
8 210 660 210 680
10 120 600 120 620
12 170 560 180 540
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Table 4: Test results of reproducibility studies of the
Hall sensor array.

VIII. CONCLUSIONS AND FUTURE SCOPE

A probe based on 16 Hall sensors for making insitu
measurements of precise magnetic field inside the
prototype ICAL detector was designed, built and
characterised. Further precision and precise
calibration studies of the system using a standard
will be carried out immediately. The probe will be
populated with full set of 16 sensors soon. Various
functionalities in the front-end user GUI for data
presentation and storage will be coded. The probe
will be deployed in the prototype ICAL detector,
which is being installed and commissioned soon at
IICHEP laboratory, Madurai and measurements will
be taken. Long term stability studies on the detector
magnetic field will be also performed using this
probe and the results will be supplied to the INO
collaboration. Performance of this system will be
studied before going ahead with production of a
large number of units meant for future versions of
the ICAL detector.
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