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Abstract

Magnetic sensors are useful tools, offering the ability to detexd measure the
magneticfield. Theycan be foundin many applications in théelds of sciences,
industry and transport. The design and development of magnetic sensors vary
according to the desired characteristics aagplications However, the use of a
calibration device, in aler to initially calibrate the sensors anerify their proper

functionality, is anecessary step in any case.

As part of ths PhD thesis, a magnetometer calibration device was developed,
consisting of a magnetic fielsensing elementan arrangement thatproduces the
counteractingmagnetic field and finallythe required electronicéor measurement
and power supply The operating principle ofhe developeddeviceis based on
measuringa physical quantity, in particulatime. In this way, it cabe develped as

asecondary, or eveprimarycalibrationstandad.

Afterwards, he device was used to calibratke magnetic sensorshat were
designed and developed. Specifically, tlaxgatetype magnetometers of different
topologies were developed, providingghisensitivity magnetic fieldneasurements
Two devicesfor NonDestructive Testing of ferromagnetic materialave also been
developed. The devices include the electronics required to perform the
measuremens and send the data for further processingheycan be portable, in

order to be used for realime onfield measurements.

Keywords:Magnetic sensorMlagnetometer calibrationi-luxgatesensor, Non
Destructive Testindgerromagnetic material.
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ADC Analogto-Digital Converter
AMR AnisotropicMagnetdresistance
BNC BayonetNeill-Goncelman
CMOS GomplementaryMetalcOxidegSemiconductor
DPDT Double-Pole, Double Throw

FBG Fber Bragg Grating

FEM Hnite HementMethods

GMI Giant Magnetdmpedance

GMR Giant MagnetdResistance
HCMOS High-speedCMOS

HTS High TemperatureSensors

LCD Liquid Qystal Display

LTS Low TemperatureSensors

MCG MagnetoCardioGraphy

MDL MagnetostrictiveDelayLines
MEG Magnetdncephaldraphy

MRI Magnetic Resonancdmaging
ND Neutron Diffraction

NDT Non-DestructiveTesting

PCB Printed Qrcuit Board

PID ProportionakIntegral;Derivative
PWM PulseWidth Modulation

RAM RandomAccesdMemory

SMD QurfaceMount Device

SQUID QuperconductingQuantum InterferenceDevice
XRD X-Ray Diffraction

YBCO Yitrium Barium GopperOxide
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Bluetooth
¢ ' A tabléet 3
ﬁ‘cp<‘
S BA

Hall sensor: SS49E
5V, GND, Aout: A0, Al

16- bit ADC: ADS1115

VDD: 5V, GND,S CL: A5, SDA: A4 , ADDR: GND, AO: Hall_1, Al:
Hall_2

RF Transmitter: nRF24L01

Vcc: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK:
D13
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35 AN _

h

A Blaetooth ™ * A .

"VirtuinoBluetooth.h"

. h>

#include
<SoftwareSerial
<SPI. h>
<nRF24L01. h>
<RF24. h>

#include
#include
#include
#include
<Wire . h>

<Adafruit_ADS1015

#include

#include . h>

Adafruit_ADS1115 ads;

SoftwareSerial bluetoothSerial

VirtuinoBluetooth virtuino(bluetoothSerial);

int  BLpin = 5;

int  bat_voltage;

float  v_zero_field = bat_voltage ! 2;

float  offsetl value;

flo at offset2_valu e;

float magn;

boolean executed = false

RF24 radio(9 10);
pipe

> w

const uint64 t = OXEBESFOFOEILLL;
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float mapf( float x, flo at in_min , floa t in_max, float out_min
float  out_max)

{

return (X - in_min) * (out_max - out_min) / (in_max - in_min)
+ out_min;
}

1 - BT > AT _>">h 7 ¢4+ " ¢h3y¥y Y7y A_ hv
BC G A S TN T EEE S wkh htY VB CTUBANRG CSEY ThY S w AT
_“Bluetoothl * h - B 7t "5’/\'5‘h>§."3<."|h__' h./\h<' Tt . > Yoy I h ¢
BT AL AT R ¢ h ' Bluetdoth™ 7 “"hWp@nAah 5w " A, A7 N
chr T AT _Kbpst AT _W<HpAE vEST AN BT Wa Tt AL A
hAh<¥a tersh ¥ = ' *hg

void setup (){

virtuino . DEBUG= true ;
bluetoothSerial . begin (9600);
pinMode (BLpin , OUTPUY;
digitalWrite (BLpin , LOW.

Serial . begin (9600);

radio . begin ();

radio . setChannel(115);

radio . setDataRate(RF24_250KBPS);
radio . setPALeve [(RF24_PA_M AX);
radio . openWritingPipe(pipe);

ads . begin ();
}

[~ ¢~ " >sAY _>">h Y ¢ _ gyt C¢h s’ Aht 8CE A
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void loop ()

{

bat_voltage = readVcc ();

if  (bat_voltage > 4000) {
intl6 t adcO, adcl;

adcO0 = ads. readADC_SingleEnded(0);
adcl = ads.readADC_SingleEnded(1);
if (executed == false ){

offsetl value = adcO;
offset2_value = adcl;

executed = frue ;

}

N™ 8" _h 3T T TSET Ty s oAl AT Swr s T LY h
he oy Ch* svhiss mT@ [ <wh“s  'h” “h = ¥ 86 <w " >h
h> “>h h KK CHATUWE B B >4 h° > 8 o
Bluetooth
float  minl value = 1000 * offsetl value [ v_zero_field;
float  maxl value = 4000 * offsetl valu e / v_zero_field;
float  min2_value = 1000 * offset2_ value [ v_zero_field;
float max2_value = 4000 * offset2_value /' v_zero_field,
float  sensorlValue = adcO;
float  magnl = mapf(sensorlValue , minl_value , max1_value ,

100.0 , 100.0);
float sensor2Value = adcl;
float  magn2 = mapf(sensor2Value , min2_value , max2_value , -
100.0 , 100.0);
magn = magn2 - magnl;
Serial . print (bat_voltage);
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Serial . printin - (" mV");

Serial . print ("RAW value 1:" );
Serial . print (sensorlValue);

Serial . print ("\tMagnil :" );
Serial . print  (magnl);

Serial . printin ("mT" );

Serial . print ("RAWvalue 2:" );
Serial . print (sensor2Value);

Serial . print ("\tMagn2:" );
Serial . print  (magn2);

Serial . printin - (" mT" );

Serial . printin (magn);

delay (500);
radio . write (&magn, sizeof (magn));

CE ¥ AB 1T Bluetooth ~ " hs >h ~ >
B - " ¢ Y CGAh'ACh 0 € ¢t >swAh Sy s hA
1® B A_ " " Blietogthh =B As™ 1 ¥~ ¥ "8 h
" no [w<® F' 7 TTA "BI’_’§-‘-_h+_‘h_q,
-t > _h 570 "84 h oy hcCw,s hgw
pppps . > h hEe T hch o tsm -

, h<>:h 7

if (Serial .available () > 0){

int incomingByte = Serial .read();
if (inc omingByte == 'H" || incomingByte == 'h'
incomingByte == '1" ){

digitalWrite (BLpin , HIGH);

~

virtuino . run ();
virtuino . vMemoryWrite(O , magn);
}
if  (incomingByte == 'L" || incomingByte =
incomingByte == 0" ){
digitalWrite (BLpin , LOW
}
}
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delay (300);

}

else {

Serial . printin ("Low battery!" );
magn = - 9999;

radio . write (&magn, sizeof (magn));
delay (300);

fhohemh, Y thys AR rfeadVed),"” v -~ h h Ah<h>jhAas'
W<t d o, ¥ ' Ao~ 1% T W @ T wicss '
_l>||l —"‘ h_v{>{51 ~ B/\‘,>h_‘,>W/\vl S 8 h

., he¢ s 4t h A Vvh ¥ h A KAREFV R RN VE O R

rlh/\ h‘ ] 1 !>|| B)/\h' <h/\‘h‘>W/\'z ‘—V{|<_

long readVce (){

ADMUX= BV(REFS) | _BV(MUX) | _BVMU®) | _BVMUR) |
BV MUX):;

delay (2);

ADCSRA|= _BV(ADSC);

while  (bit_is_set(ADCSRA , ADSCQ));
uint8_t low = ADCL;

uint8 t  high = ADCH;

long result = (high << 8) | low;
result = 1125300L / result;

return result ;
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3552 RB<+ " T HwWS T
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RF Receive r: nRF24L01
Vcce: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK:

D13

————————————————————————————————————————————————————————— LCD
12C 16x2

Vcce: 5V, GND, SDA: A4, SCL: A5

*/

!/ = = == ==Libraries= = = == —===
#include  <SPI. h>

#include  <nRF24L01. h>

#include  <RF24. h>

#include  <LiquidCrystal _12C . h>

#includ e <LcdBarGraphX . h>

float magn = 0.0;

// = = = ==L.CD== = = ===
LiquidCrystal_12C lcdOx27 , 2, 1, 0, 4, 5, 6, 7, 3, POSITIVE),
LcdBarGraphX Ibg( &cd , 16, 0, 1);

// = = = ==nNRF24============ —==========
RF24 radio(9 , 10);

const uinté4_t pipe = OXEBE8FOFOELLL;

1_' A AW, B ' h ¥ "”yts_h' ! fwo _" {B’C_'
TS U ALATh  >wS o T hL T AT AT YT T >
rh_h _'/\ "’_'_"B‘CC‘)\BI‘I)"W}\I\B‘BJ_'Ih"O<B.[‘_hZ _‘_5
l:sf.‘_|5<|5‘_|5’ ! h_'>h_' i h sy A > _"‘ h v v ¢
void setup (void )

{
[|== = = = = LCD = = = = =

lcd . begin (16, 2);
lcd . setCursor (5, 0);

[|== = = = = nRF24 = == ======

radio . begin ();
radio . setChannel(115);
radio . setPALevel(RF24_PA_MAX);
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radio . setDataRate( RF24_2  50KBPS);
radio . openReadingPipe(1 , pipe);
radio . startListening();
Serial . begin (9600);
Serial . printin  ("Starting Measurement....." );
lcd . print  ("Auto" );
lcd . set Cursor (2, 1);
lcd . print ("Calibration." );
delay (1000);
lcd . setCursor (14, 1),
led . print (""" );
delay (1000);
lcd . setCursor (15, 1);
led . print (""" );
delay (1000);
lcd . clear ();
}

1_" B~ S8 AT _>">h _" ¢_{‘Chhz/\“’""ly5__
h-¥<s*>h . A " A """ A" 1 LS BSE"HBWALT,
_l>—/\ >Ih|1/‘5l__h*lr+‘] ">|B—,v,/\ V'Z m'[gf-’lh/ﬂl<u )| I_BI”
i dhpxr N B>, h At 0 8777 > UIAh S h T Ty s St BT
0T T T h B A g BN 'GS R T A T Y >sT X
h A ST o> A o >h 7 h<>h T ot T A’
void loop (void )

{

for (int i = 0;i < 16; ++i)

{

lcd . setCursor (i , 0);

led . write ("' );

}

if (radio . available () {

radio .read (&magn, sizeof (magn));
if  (magn == -9999){

Seri al . printin ( "Low transmitter battery!" );
lcd . setCursor (0, O0);

lcd . print  ("Low transmitter" )i
lcd . setCursor (4, 1),

lcd . print  ("battery! );

delay (1000);

}

else {

Serial . print ("Magn:" ),
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Serial . print  (magn);
Serial . printin - ("mT" );
lcd . setCursor (0, 0);
lcd . print  ("Diff=" );
lcd . setCursor (5, O0);
lcd . print  (magn, 3);
led . print (" mT" );
lcd . setCursor (0, 1);
Ibg . drawValue (abs(magn) , 100);
delay (1000);
}
}
else {
Serial . printin - ("No signal!" );
lcd . setCursor (4, O0);
lcd . print  ("Nosign all" ),
delay (1000);
}
}
% AT <t S h < s T Lwe 't T htoh
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6.1Rk<+ " 7" > B < R > h

int  input_pin
float  voltage = 5.0;
float  fre@ = 1000;

I
N

long dt = 0;
float h = 0;

void setup ()

{

pinMode (input_pin , INPUT);
Serial . begin (9600);

——

void loop ()

{

dt = pulseln (input_pin , HIGH) - pulseln (input_pin , LOW,
h = freq * voltage * dt;

Serial . print ("Dt=" ),

Serial . print  (dt);

Serial . pri ntin ("us" );

Serial . print ("H=" ),

Serial . print (h, 5);

Serial . printin - (" A/Mm" );

Serial . printin - (" ")
delay (100);

—
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#include  <PID_vl. h>
#define  PIN_INPUT 2

int  enA = 10;
int inl =9;
int in2 = 8§;

float  period = 1000.0;

double Setpoint , Input , Output;
double Kp = 6, Ki = 0.05, Kd = 0.1;

PID myPID( &nput , &Output , &Setpoint , Kp, Ki,

unsigned long now = O;

unsigned long lastMessage = O;

void setup ()

{

pinMode (PIN_INPUT , INPUT);
pinMode (enA, OUTPUYT;
pinMode (in1 , OUTPUY;
pinMode (in2 , OUTPUY;

Serial . begin (9600);
Setpoint = 0;

myPID. SetMode ( AUTOMATIQ;
myPID. SetOutputLimits (-255, 255);
myPID. SetTunings (Kp, Ki, Kd);

lastMessage = millis  ();

Kd,

DIRECT);
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void loop ()

{

float  HIGH_time = pulseln (PIN_INPUT, HIGH),
float  LOW_time = pulseln (PIN_INPUT , LOV
float dt = HIGH_time - LOW_time;

Input = map(dt , 0, period , -255, 255);
myPID. Compute ();

if (Output > 0){

digitalWrite (in1 , HIGH);
digitalWrite (in2 , LOW,
analogWrite  (enA, Output);
Seri al . printn ("--—- ");
Serial . print ("Setpoint =" ):
Serial . print (Setpoint);

Serial . print (" Input=" )
Serial . print  (Input);

Serial . print (" Output=" );
Serial . print  (Output);

Serial . print ("\n");

}

else if (Output < 0){
digitalWrite (inl , LOW,
digita IWrite (in2 , HIGH);
analogWrite  (enA, - Output);
Serial . printin (""" );

Serial . print ("Setpoint =" );
Serial . print (Setpoint);

Serial . print (" Input=" )
Serial . print  (Input);

Serial . print (" Output=" );
Serial . print  (Output);

Serial . print ("\'n");

~=

]
193 |



}

els e {

Serial . printin  ("OK");

Serial . print ("Setpoint =" );
Serial . print (Setpoint);

Serial . print (" Input=" )
Serial . print  (Input);

Serial . print (" Output=" );
Serial . print  (Output);

Serial . print ("\'n");

}

now = millis  ();

if (Serial .available () > 0) {
for (int x = 0;x < 4;x ++){
switch  (x) {

case O:

Kp = Serial . parseFloat ();
break ;

case 1:

Ki = Serial . parseFloat ();
break ;

case 2:

Kd = Serial . parseFloat ();
break ;

case 3:

for (int y = Serial .available ();y
Serial . read ();

}

break ;

}

}
Serial . print ("Kp,Ki,Kd=" );
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Serial . print  (Kp);
Serial . print ("" );
Serial . print  (Ki);
Serial . print ("" );

Serial . printin (Kd);

myPID. SetTunings (Kp, Ki, Kd);

}
lastMessage = now;
}
6-3 B < _] ! ’ t [1 > ~ I > W _ 4 ] N 1 I q h t B
hoot o Halh oA
/* S ——

Hall sensor: SS49E
5V, GND, Aout; A0, Al
16- bit ADC: ADS1115

VDD: 5V, GND, SCL: A5, SDA: A4, ADDR: GND, AO: Hall_1, Al:
Hall_2

RF Transmitter: nRF24L01

Vcc: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK:
D13

BT Transmitter: HC -05
Vcce: D5, GND, TX: D2, RX: D4

#include "VirtuinoBluetooth.h"
#include <Softw areSerial . h>

#include <SPI. h>
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#include <nRF24L01. h>
#include <RF24. h>
#include <Wire . h>

#include  <Adafruit_ ADS1015 . h>

Adafruit ADS1115 ads;
SoftwareSe rial  bluetoothSerial = SoftwareSerial 2, 4);

VirtuinoBluetooth virtuino(bluetoothSerial);

int  BLpin = 5;

int  bat_voltage;

float  v_zero_field = bat_voltage /2
float offsetl value;

float  offset2_value;

float magn;

boolean executed = false ;

RF24 radio(®@ , 10);
const uinté4_t pipe = OXEBE8FOFOE1LL;

float  mapf( float x, float in_min , float in_max, float
float  out_max)

{

return (X - in_min) * (out_max - out_ min) / (in_max
+ out_min;

}

void setup (){

virtuino . DEBUG= true ;
bluetoothSeria | . begin (9600);
pinMode (BLpin , OUTPUYT;
digitalWrite (BLpin , LOW,

Serial . begin (9600);
radio . begin ();
radio . setChannel(115);

out_min ,

in_min)
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radio . setDataRate(RF24_250KBPS);
radio . setPALevel(RF24 _PA MIN);
radio . openWritingPipe(pipe);

ads. begin ();

}

void loop ()

{

bat_voltage = readVcc();

if  (bat_voltage > 4000) {

intl6 t adcO, adcl;

adcO0 = ads. readADC_SingleEnded(0);
adcl = ads.readADC_SingleEnded(1);
if (executed == false ){

offsetl value = adc0;
offset2_value = adcl;

executed = true ;

}

float minl_value

float  maxl_value

float  min2_value

float  max2_value

float  sensorlValue = adcO;

float  magnl = mapf(sensorlValue
100.0 , 100.0);

float sensor2Value = adcl;

float  magn2 = mapf(sensor2Value
100.0 , 100.0);

magn = magn2 - magnil;

Serial . print (bat_voltage);

Serial . printin - (" mV" );

Seria | . print ("RAWvalue 1. " ),
Serial . print (sensorlValue);

Serial . print ("\tMagn1l:" );
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Serial . print  (magnl);

Serial . printin - ("mT" );

Serial . print ("RAWvalue 2:" ),
Serial . print (sensor2Value);

Serial . print ("\tMagn2:" ),
Serial . print (magn2);

Serial . prin tin ("mT" );

Serial . printin  (magn);

delay (500);

radio . write (&magn, sizeof (magn));

if (Serial .available () > 0){

int incomingByte = Serial . read ();
if  (incomingByte == 'H" || incomingByte
incomingByte == "1"){

digitalWrite (BLpin , HIGH);
vir tuino . run ();
virtuino . vMemoryWrite(O , magn);

}

if (incomingByte == ‘L' || incomingByte
incomingByte == 0" ){

digitalWrite (BLpin , LOWY

}

}

delay (300);

}

else {

Serial . printin  ("Low battery!" )i
magn = - 9999;

radio . write (&magn, sizeof (magn));
delay (3 00);

}

}
long readVcc() {
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ADMUX= BV(REFSO) | _BV(MUX4) | _BV(MUX3) | _BV(MUX2) |
_BV(MUX1);

delay (2);
ADCSRA|= _BV(ADSC);
while  (bit_is_set(tADCSRA , ADSQC));

uint8_t low = ADCL;
uint8 t  high = ADCH;

long result = (high << 8) | low;
result = 1125300L / result;

return result ;

64B<+ 7 >T <" .'  AHalt _ hv'

RF Receiver: nRF24L01
Vcce: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK:
D13

------------------------------------------------------- -- LCD
[2C 16x2

Vcc: 5V, GND, SDA: A4, SCL: A5

*/

/I = = ==Libraries= = ==

#include <SPI. h>

#include <nRF24L01. h>

#include <RRF24. h>

#include  <LiquidCrystal_I2C . h>

#include  <LcdBarGraphX . h>

float  magn = 0.0;

!/ = = ==L.CD== = = ===
LiguidCrystal_12C lcdOx27 , 2, 1, 0, 4, 5, 6, 7, 3, POSITIVE),

LcdBarGraphX Ibg( &ecd , 16, 0, 1);

Il = === ===—=—=—=—=—=—====nRF24 - -
RF24 radio(9 , 10);
const uinté4 t pipe = OXEBE8FOFOELLL;
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void setup (void )

{

/=== = = = = = LCD = =

lcd . begin (16, 2);
lcd . setCursor (5, 0);
/=== = = = = = NRF24== ==

radio . begin ();

radio . setChannel(115);

radio . setPALevel(RF24_PA MAX);
radio . setDataRate( RF24 250KBPS) ;
radio . openReadingPipe(1 , pipe);
radio . startListening();

Serial . begin (9600);
Serial . printin  ("Starting Measurement.....

lcd . print  ("Auto" );
lcd . setCursor (2, 1);
lcd . print ("Calibration.” );
delay (1000);

lcd . setCursor (14, 1);
lcd . print (™" );

delay (1000);

lcd . setCursor (15, 1);
lcd . print (" );

delay (1000);

lcd . clear ();

}

void loop (void )

{
for (int i = 0;i < 16; ++i)
{

lcd . setCu rsor (i , 0);
lcd . write (' );

}

if (radio . available ()){

radio .read (&magn, sizeof (magn));
if  (magn == -9999)

Serial . printin  ("Low transmitter battery!"
lcd . setCursor (0, O0);

lcd . print  ("Low transmitter" );
lcd . setCursor (4, 1);

lcd . print ( "battery!" );

delay (1000);

}

else {

Serial . print ("Magn:" );
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Serial . print  (magn);
Serial . printin - (" mT" );

lcd . setCursor (0, O0);
lcd . print  ("Diff="" ),

lcd . setCursor (5, O0);
lcd . print  (magn, 3);

lcd . print  ("mT" );

lcd . setCursor (0, 1);
Ibg . drawValu e(abs(magn) ,

delay (1000);

}
}

else {
Serial . printin ( "No signal!"
lcd . setCursor (4, O0);

lcd . print  ("No signal! );
delay (1000);
}

100)

);
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Extended Abstract

7.1 Design and Development of a New Magnetometer

Calibration Device

7.1.1 Introduction

Magnetoneters are usedn a variety of applications, in a wide range of fields,
including science, transportation and industry. For higher quality monitoring and
control services, higher accuracy levels are required. Consequently, it is necessary to
carry out maitenance and c#bration procedures at regular time intervals, depending
on the application and the operating conditions. This is achievable by using a
magnetometer calibration device that compensates the ambient magnetic field thus

increasing the measureryedl Q& | OOdzNJ Oé o

The elimination of the ambient magnetic field may be accomplished with two
different techniques: the passive magnetic shielding and tbévea magnetic field
compensation. Disadvantages of passive magnetic shielding, include the inability t
properly elimnate DC or lowrequency magnetic fields, the installation cost, as well
as the requirement of a thorough covering of the space wherenteasurements will

be conducted.
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In order to compensate DC or leinequency magnetic fields, active nraggic field
compensation techniques, or a combination of both active and passive magnetic
shielding, must be used. Active techniques are based on therggan of a counter
acting magnetic field, opposing to the ambient magnetic field. The main advaatage
the active nagnetic field compensation is its ability to ad@ptia a closedoop control
systemc to the variations of the applied magnetic fieldawa sensing element that
provides the input to the system. Existing calibration devices based ondines a
magneticfield compensation techniques, use mainly SQUID sensors. However, the
very small dimensions of the SQUID sensor render difficult its prgpemetric
alignment. Moreover, SQUID sensors require special operating conditions, including

liquid nitrogen or ligud helium cooling.

In the technique described below, it is possible to compensate unknown DC
ambient field contributions on an undeest magnetometer using a time
measurement. The technique utilizes the effect of ambient magnetic fieldhen
asymmetryin the time differences between consecutive output pulses. The correction
of the asymmetry corresponds to the compensation of the ambraafgnetic field.

The measurement of the time difference, rather than the use of a reference sensor
for ambient field canpensation, may allow the use of this technique even as a primary
standard, since it is based only on the measurement of a base quairgitytjme,

provided that field compensation is realized by primary current generation such as

Quantum Hill effect mettods.

To demonstrate the applicability of the proposed technique, we have developed
an arrangement based on the fluxgate principle, acoagdto which the applied
magnetic field affects the magnetization cycles of a sensing element. Thef @se
sensing edment made of amorphous FeSiB or CoFeSiB in the form of long ribbon or
wire, allows rapid and accurate output response to the changeleofrtagnetic field.

The geometry of the amorphous core mitigates the sources of positioning errors

encowntered in the UID arrangements.
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7.1.2 Operating Principle

Fig.1 shows the characteristic fluxgate response to a triangular excitation signal,
'O 0. A sinusoidal excitation is also possible, but its-liearity dictates the se of

linearizaion models.

S00mYVY, 0,00 S00mV

Fig.1. The time difference#tz; must be zero when no ambient magnetic field is sensed.

The voltage output at the pickup coil is a sequence of positive and negative peaks
corresponding to the negatitvand positivecoercive field of the sensing element.
When no ambient magnetic field iserssed by the sensing element, the time
difference,0 0 0, between a maximum occurring at tinbeand the following
minimum at time o , is equalto the time dfferencdnd 0 0, between the

maximum at timed and the previous minimum at time .

Having determined the timeé fd M hcorresponding to the three consecutive
peaks, a relation between the time diffamce w0 0 0 and the unknown

magnetic field, can be extracted:

0 0
s 29 (1)
(08}
o o oY 2)
(0] - <
W
o o 3)

where “Yand & are the period and the slope of the triangular excitation signal,
respectivelyO A d (G KS aSyaiy3d O2ONStRedunkioSaidbidnd S
DC field.
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The time differenceo anay then be calculated as:
wo o0 O 0 o ¢cO 0 O0ud

O O
T

v 0 (4)

The slope coditienth of the triangular excitation signal may be calculated by:

TW
—— 5
= ®)
where,wis the amplitude of the excitation signal.
Finally, the unknown magnetic flux density maydadculated as:
TWA .
o WO Ty IO
(@] (@]
T T
0O Qo (6)

where, Qs the excitation frequency andis proportional toO .

7.1.3 Development of the Magnetometer Calibration Device

The laboratory arrangement which was used as a podgirinciple device,
includes a function generator, whichgatuces the extation signal, a fluxgate sensing
device as the sensing element, a solenoithascontrollable magnetic field generator
device,an electronic circuit, comprising a microcontroller with an Anat@igital
converter, for the measurement dhe unknownoffset and the generation of the
compensating field, and an oscilloscope as display. The arrangement is used in a
magnetically quieenvironment, to avoid any influence of random external magnetic

field variations.

7.1.3.1 Development of the Solenoid

The magneticallycontrolled space used for the calibration procedure is the
interior of a solenoid constructed of two layers with 290 windingshe made of
gMYY Syl YStfSR O2LIISNI 6ANBd ¢KS 2@FSNI f €

radius is 50mm. Thenagnetic fieldat the center of the solenoid can be controlled,
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through the adjustment of the supplied DC current. In design the range otthe
YFIySGiAO FtdzE RSyarade asSyasSR o0& (GKS Tt dzE3l
materials used for the comsiction of the solenoid are normetallic, to avoid any

unwanted magnetization. The movable mounting system, where the magnetometer

is placedjs made of wood; all brackets and screws, holding the sensor in place, are

plastic Fig.2).

tem

Fig.2. Design of the solenoid and thetual device.

7.1.3.2 Development of the Sensing Device

There are several types of fluxgate sensors commonly used, such as racetrack,
orthogonal and miniature PCB fluxgate sensors. The fluxegaiging devicdeveloped
for this work is similar to the typical flgate design. Its excitation and pickup coils are
YIRS 2F H fI1&8@SNB 2F ppn SAYRAYy3Ia Sk OKZI dziaA
I NPdzy R I 3Afl aa i S 6 g M YWhinFiy.3/RCoE&SIBWIER 2y |
bgmMnm>Y0 gl a OK2aSy a GKS O2NBQa YI3IySiAao

of-concept device is 70mm.

Fig.3. The developed fluxgate sensing device.

~=

]
207 |



7.1.3.3 Design and Developent of the Eletronic Circuit

- - A

Ly 2NRSNJ G2 RSGSOG GKS YFEAYF YR YAYAYL

electronic circuit was designed and developed.

The overall design is based on a Schmitt trigger comparator, which is able to
produce pulses, usingogitive (or negtive) peaks as input, which are above (or below)
a certain threshold voltage. This type of comparator, being able to operate with noisy
input signals and generate sharp pulses of the appropriate duration, is ideal for the
required measuremets. Fbwever, he predefined threshold voltages of an ordinary
Schmitt trigger circuit act as a restriction for this type of measurement, where the
peak amplitudes of the output pulses of a magnetometer under test may vary or even
be nonsymmetrical. To arcomethis redriction, a variation of the ordinary circuit
was developed, allowing adaptable thresholds. The designed electronic circuit, as
shown in Fig. 4, includes a positive peak detector, a negative peak detector, a
multiplexer, two buffers and a Bmitt trigger @mparator. The peak detectors supply
the comparator with the varying upper & lower voltage thresholds for each case. The
two buffers isolate the final stage, eliminating the noise. As a result, the output signal
of the Schmitt trigger condis of noisefree positive & negative pulses, the duration of
which corresponds to the time difference between the sequential maxima and minima

of the initial signal.

u1B

sl IFN;
7 B - A
- ; i

Fig.4. The developed electronic circuit.

The final circuit wasleveloped on adual layer photosensitive printed circuit
board (PCB). BNC connectors were used for the input and output signals. The 2 sides
of the final PCB are shown kiig.5.
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Fig.5. Bottom and top siel of the develped PCB.

7.1.3.4 Source Code & Clos¢aop Control System

¢2 YSIFadaNB GKS Lz aS ¢6ARGK 2F GKS {OKYAl
O2RS ¢l a RS@PSt2LISR® ¢KS RS@PSt2LISR /bbb O2R:
output pulses and measures theme differencew thetween the positive and the
negative pulsesUsing a PID algorithm, it calculates the applied voltagequired to
generate the compensating DC field inside the solenoid.controlled by a controller
which provides a pulsedidth modulation (RVM) output signal fed to an Hridge
which contros both the amplitude and the polarity of. The results are shown on a

liquid-crystal display (LCD) and are stored as a CSV file.

It must be noted that zeroing the time difference correspsrto the ambiat
magnetic field compensation, without the neear forior knowledge or calculation of

its value.

7.1.4 Experimental Results and Discussion

In order to test the proposed design, the fluxgate sensing devicepleaed at
the center ofthe solenoid which was conacted to a DC power supply unit, through
the Hbridge circuit, used to generate the courderOG Ay 3 YIF Ay SGAO FTASER®
excitation coil was connected to the function generator. The pickup coil was
connected to both the developed ettronic circui board and the oscilloscope.
Similarly, the outptisignal of the circuit board was fed to both the microcontroller
and the oscilloscope. The output signals from the fluxgate sensing device and the

Schmitt trigger circuit are shown in Fig.a@d Fig. 7 fora triangular 1\, 1kHz
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excitation signal and g250m\hcapplied field Figs 6 and 7 show the effect of positive
and negative DC applied field on the time differeng@and the resulting Schmitt
ONRAIISNDRE 2dzi LIdzi LidzA aSa

IRDE -

oY, S00m Y, 0,00 TRIGGEREIL

Fig.6. The output signals of the sensing device and3Itlemitt trigger for a positive
magnetic field (250mdH and a 1kHz, 1Vpp triangular excitation field.

2%, 0,00 S00m*", 0,00 TRIGGEREL

Fig.7. The output signals of the sensing device and the Sctrigger for anegative

magnetic field £50m\bg and a 1kHz, 1Vpp triangular excitation field.

The differencew ¢ as reflected in the output pulses, is measured by the
microcontroller and fed to the closeldop control algorithm implemented by the PID
controller whichin turn generates the PWM sighthat controls the magnitude and
polarity of the voltage signal that must be supplied to theolenoid in order to
compensate the unknown ambient fieltlow, the solenoid provides a magnetically

controlled s@ce with zero mnbient field in the direction bthe measurement.
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Next, the sensing device was removed from the solenoid in order to avoid any

influence on the magnetometers under test, during their calibration process.

To test the proposed calibration @gcedure, a commrcial Hall sensor (SS49E) and
a custommade fluxgée sensor were calibrated using the developed arrangement.
The calibration curves are shown in Fig. 8 and Fig. 9, respeciiteljhorizontal axis
represents the magnetic flux density provided throughthe solenoid to the

magnetometer under test, baseash (7):

00

0 . (7)
E Y

C
where,’ is the magnetic permeability of free space € p& v x p T 'Of4 ),
0 is the number of windingsQs the suppliederrent, 0istKk S a2 f SYy2ARQa f Sy -
YAa (GKS a2f Sy2ARQA& NI RAdza®
In Fig. 8, the vertical axis represents the output voltage of the Hall sensor as a

function ofo.

200

i
o
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-200
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Fig8® | Fftf aSyazNnRa OFfAONIGAZ2Y OdNI!

In Fig. 9, the califation curve fo the fluxgate sensor is shown. In this case, we
measure the time difference gdetected by our electronic circuit, as a function of the

magnetic flux density.
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Usingthe proposed aangement, the contributions to the uncertainty of the
measurement stem from the sensing element and the electronics. The first one may

be determined from the time measurement and is calculated to be approximately

5 N LJhile the second onés due mainly2z G KS St SOGNRYAOAQ NRA&S

dzLJ 42 pHANLI ®

The developed device can be used as a laboratory primary standard, to accurately
calibrate new or existing magnetometers, used in many fields, such as navigagion a

geophysical appiations.

7.1.5 Conclwsions

A new magnetometer calibration device was developed, based on the fluxgate
principle and the active magnetic field compensation technique. The unknown
ambient magnetic field was sensed by a fluxgate sensing deMicelectronic circti
was designeand developed to condition the series of positive and negative output
peak values, to a train of positive or negative pulses whose duration depended on the
magnitude of the ambient DC magnetic field. Using a PID conteoiié a solenoid as
a magnetic fiel generator, it was possible to generate controllable magnetic fields, in

order to compensate the unknown ambient magnetic field.
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The novelty of this arrangement is that it can serve as simple anecdsiv
laboratory calbration device for ommercial or cetom-made magnetometers, using
the measurement of time rather than a reference magnetometer. It is possible to also
evaluate the value of the unknown ambient field, but it is not necessary for its

compensation.

Future wak includes the extesion of the arangement to three dimensions by
replacing the solenoid by a 3D arrangement of Helmholtz coils. Additionally, the use
of a larger arrangement of Helmholtz coils, enclosing the existing arrangement, can
provide reaitime magnetic field compesation. Furtherimprovements include the
use of electronics with lower rise time, the use of Quantum Hall Effect based voltage
devices & QHE based resistance devicesdce accurately control the compensating
magnetic field, as well aan atomic clock, tamprove the acuracy of the time

measurement.

7.2 Magnetic Permeability Device Based on Hall Effect

7.2.1 Introduction

Steel and other ferromagnetic materials are used in a wide range of applications,
including transportation (e.gships), energy (e.g. pipelinesydaindustry (eg. steel
O2yaGNHZOGA2ya0d 5dz2S (G2 A0&a AYLERNIIyYyOS:
order to prevent structure failures. Steel health monitoring includes a variety of
techniques, which can be udedepending on the applicatiomd the conditias, in

order to detect the location of a defect and act accordingly to cure it.

Monitoring residual stresses in steels, using fu@structive techniques, is also an
important requirement, since they am@ssociated with the condition of the aterials.
Residial stresses can lead to distortion or even cracking of the material, if they are not
treated shortly and correctly. Treatment of the residual stresses include mechanical

methods, stress relief heat trément and use of proper alloys.
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Thereare two basic eference methods, which can be used in order to monitor
and measure residual stresses in steelmaydiffraction (XRD) and Neutron diffraction
(ND). Those are laboratory methods, requiring consideraeunt of time for

sample preparatiomnd measuremets.

Other methods can be used in industrial environments. Strain gauge sensors, in
form of thin films, can be placed in specific spots, in order to monitor and measure
residual stresses. An applied stseleads to deformation of the sensomhich will
affect its resistance. Strain gauge sensors provide-tiga results, which can be
wirelessly transmitted. However, a large number of sensors is required, in order to
provide sufficient data from many diffent spots. Furthermore, ncproper

placement of thesensor may result in loss of accuracy.

Magnetic Barkhausen Noise can also be used as adesinuctive method for
steel health monitoring. This method is based on the acquisition of the signal which is
generated through the magnetization press of the undr-test coupon. Any local
deformation or imperfection of the material, will affect the output signal. Having the
sensor calibrated for each type of ferromagnetic material, it is feasible to determine
possible defective spots, by studying theceived signia This method requires very
low (nearDC) excitation frequencies, leading to a the@suming measuring process.
a2NB20SNE GKS NBadzZ GAy3a 2dziLJzi aA3Iyltf Aa @€
filtering and amplification. A key pameter for relable results is proper placement
and alignment of the sensing element. Insufficient contact between the sensor and
GKS al YL Sz gAftf AYyONBFIaS YSIadaNBYSyidQa dzy:

As a result, all the abow@entioned methods show specific disadvantagesinly
related to the time which is required for measurements and the uncertainty of the
results. A different approach to monitor stresses would be through the measurement
of surface or bulk magnetic permeability thfe ferromagnetic material undetest.
Towards this otection, a new device is presented, which can be used to measure
stress components along the surface and the bulk of the wtelstr ferromagnetic
material. This is possible through the correlation ofgmetic permeability with the

correspording stress comonent.
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7.2.2 Operating principle

Measurements are based on Hall effect, according to which a transverse voltage,
called Hall voltage, is generated between the two sides of a conductor or a
semiconductor, whenan electric current flows through iand a magneticfield
generates a transverse force. Hall sensors can be used, in order to measure magnetic
flux density, B. By monitoring variations on different spots and correlating those
results with the correspondinp magnetic stress calibration curvesjs possibleto

determine the condition and the stresses acting on the material utest.

Based on this principle, the sensing element was designed to include a permanent
neodymium magnet and two parallel soft irbars. The magnet is placed betweewth
two iron bars forming a yoke. A Hall sensor is placed at the bottom of each bar. Similar

arrangements are used to measure magnetic hysteresis, based on coils.

The sensing element is placed above the sample utektr The magnetic flux,
generated by thepermanent maget, penetrates the sample and the ensuing
YFEAYySGAT FdA2y LINRPOSaa Aa FFSOGSR o6& GKS
result, having a predefined distance ¢iff) between the Hall sensors an sample,
it is possible to measureaviations of tle magnetic flux density, in order to draw
conclusions about the condition of the material. Changes of the magnetic permeability
can also be obtained, due to its correlation with the magnetic flux density
Furthermore, the use of two Hall ssors, which fam a closed magnetic loop, offers
an important advantage: the arrangement can act as a form of compensation of the

ambient magnetic field.

The optimal dimensions of the parts that consist the sensing etgnas well as
the position of the Hi sensors, wer calculated using Finite Element Analysis (FEA)
software. The simulation results and the dimensions of the sensing element are shown

in Fig. Dand Figl1, respectively.
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Fig.10. Analysis of total magnetic flux density between the senslement andhe
ferromagnetic coupon, calculated by FEA software.

~— Permanent magnet

38mm

~— Soft iron bar
/
/

— sample
i

Fig.11.Dimensions of the parts consisting the sensing element.

Having determined the location of the defective spots, stresisabilitation
methods can be used to treat them. Afterwardhe device@n be used as a feedback

system, to evaluate the result and confirm the rehabilitation success.

7.2.3 The sensor

The main goal of this work has been to develop admst portable devicewhich
can be used for ogite measurements, combined withs&ress annihdtion system. In
order to achieve this, a device consisting of two parts, a transmitter and a receiver,
was developed. Both parts are portable and communicate wirelessly. The ttingmi
device, including the sensing element, is placed abine undertest ferromagnetic
coupon. The receiving device can be placed anywhere in a maximum range of 100m,

depending on the obstacles between them.
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Apart from the sensing element, the transnaittincludes the required electronics
to supply the sensorsieceive theiroutput signal and calculate the result. More
specifically, the transmitting device includes a microcontroller (ATmega328P), two
Hall sensors (SS49E), a Radio Frequency (RF) transgdiF24L01), a Bluetooth
transceiver (H@5), an Analogo-Digital Conveder (ADC) (ADS1115) and a
temperature sensor (TMP36). A PCB board was designed and manufactured,
containing all the abovenentioned electronics. The device is battery powered, using
a 9V rechargeable battery. Between the sensing elementtheclectronida Q 0 2 F NR =
a mumetal shielding separator was placed, to protect the electronics from undesired
magnetic interference. The design, as well as the actual transmitting device, are shown

in Fig.12and Figl3, respectively

LED indicator — 9V Battery

ON/OFF switch —

— Bluetooth HC-05

Microcontroller
RF transceiver nRF24L01

.—— Analog-to-Digital Converter

Mu-metal shielding

Fig. 12Design othe transmittng device

©

aiqeabley

Fig. 13. eactualtransmitting device
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Each Hall sensor is supplied by 5V, generating a voltage output which is linearly
LINELRNIAZ2YIFE (2 GKS RSGSOGSR YIFI3IySGiad ¥Fft dz
output voltages are déected to the ALZ, which can provide a resolution of 16 bits,
instead of the 10bit resolution of the ADC which is integrated in the ATmega328P
microcontroller. Finally, the two digital values, corresponding to the outputs of the
two Hall sensors, are ree&d by the miancontroller and converted to magnetic flux
density valizS4 Ay Y¢d ¢KS O2yPSNBA2Y A& ol aSR 2\
calibration data, the ambient temperature and the battery voltage level. The first
parameter can be obtained from thie S y" & 2 NIRét, biR it ia$ bieda also verified
using a calibratiomlevice, previously developed in our laboratory. The parameter of
temperature variation is also important in many cases. Although the specific type of
Hall sensors is not significantifedted by tempeature variations, this parameter was
also taken intoaccount, using the included temperature sensor. Finally, it was
necessary to take into consideration the voltage level of battery that supplies the
device. A lower battery voltage levelapbe sufficied T2 NJ 6 KS RS@OAO0SQa 21
it can also lead tancorrect measurements, due to the use of a lower voltage
reference. Additionally, in order to adjust the measurements regarding the initial state

of the material undeitest, the value ofthe initial measurement, received on each

activation of the devicds used as an offset value during measurements.

The final result is then transmitted to the receiving device, via the RF transmitter.
Alternatively, the result can be transmitted via 8looth to any ompatible device
(e.g. smartphone, tablet, or laptop)ln order to avoid unnecessary battery
consumption in case that Bluetooth communication is not used, its power supply can
be disabled through a serial command. The two communication nasth&F and
Blugooth) were chosen in order to cover a wide field piptications. The RF method
is fast, simple and effective, providing a range of approximately 100m. On the other
hand, Bluetooth communication lacks regarding its range, but offers thigyatn
transmi the results easily in every compatible device-fM&ommunication protocol
could also be implemented, but it was considered unsuitable for the specific
application, offering medium transmission range, high power consumption and

complexity
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The receivinglevice includes a microcontrolldATmega328P), an RF receiver
(nNRF24L01) and a 16x2 liquid crystal display (LCD) usingCGheoinmunication
protocol. Similar to the transmittert is also battery powered, using a 9V rechargeable
battery. The transmittel signal is obtained by the RF ra@ and is sent to the
microcontroller. The result is shown on the LCD. The design, as well asttre

receiving device, are shown in Flg.and Fig. 15, respectively.

LCD

ON/OFF switch 9V battery

Microcontroller
RF transceiver nRF24L01

Fig. 14 Design of the receivindevice

Fig 15. he actualreceivingdevice
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