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ABSTRACT

Current magnetometers for continuous geomagnetic monitoring are costly, discrete part by
part system and require authority permission due to facility needed to sustain the operation
such as on-grid power supply and field permission. In this research project, a low cost and
mobile magnetometer was designed to overcome the stated issues. The developed
magnetometer consists of only two units system which consists of magnetometer and data
acquisition units. These two units communicate via IEEE 802.11 Wireless Local Area
Network (WLAN). Horizontal (H) and field intensity (F) components magnetic parameters
shows reading uniformity with the existing observatory, while declination (D) and vertical (Z)
component graph pattern strongly effected by local activities, the details of the magnetometer
development will be discussed in the paper.
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1. INTRODUCTION

Magnetic field is one of the fundamental physical parameters of solar terrestrial physics field
in order to study the origin and evolution of universe [1]. Magnetometer is a scientific
instrumentation to measure magnetic field variation over time used to observe the magnetic
field interaction of solar activity and near-Earth magnetic field. Magnetometer also plays an
important role in various applications field such as security, medical, electronics mechanism,
material science and geophysics [2].

The study of space weather physics is the study of the active interactions between solar wind
magnetize plasma and magnetosphere that is observed by arrays of magnetometer installed
around the Earth [3-4]. The Earth’s magnetic field magnitude is in the range of 20,000nT to
65,000nT depends on location point based on magnetic field contour line as can be seen in
isodynamic chart from world magnetic model [5]. Exogenous effect on Earth’s magnetic field
can cause numerous consequences on natural and human made technology [6-7]. Satellite
operation is strongly dictated by near-Earth orbit space weather condition [8]. At Earth’s high
latitude region, geomagnetic storm can cause the phenomena called “the northern lights” or
aurora borealis [9]. The modern space physics human knowledge is intimately linked to
development of magnetic field instrumentation and its ability [10].

In this research, the technology used in the geomagnetism magnetometer is re-examined and
up-to-date commercially available technology is implemented. Commercially available
technology significantly reduce the manufacturing cost and project time. By reducing the
manufacturing cost, the instrumentation availability could be increased and perhaps solving
the stated issues. As huge benefit lies behind the technology, currently it is being targeted as a
science education teaching tools especially in first country [10].

Fluxgate type magnetometer sensor has good practicality for geomagnetic field vector
measurement as fluxgate magnetometer sensor has decent trade-off between performance,
noise, stability, cost and physical dimensions made it still relevant to be used till nowadays.

To replace the cable function, the serial data is sent over IEEE802.11 WLAN to DAQ unit.

2. METHODOLOGY

There are two standard ways two define magnetic field vector representation, first is XYZ and
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second is HDZ vector representation. In this paper, the HDZ vector representation is selected.
The tri-axial wireless fluxgate magnetometer configuration is set up based on in situ magnetic
field vector alignment, which X-axis sensor is pointing towards magnetic north, Y-axis sensor
is pointing towards 90° clockwise (eastward) relative to X-axis and Z-axis sensor is pointing
towards positive vertical direction (where will be corrected to downward vertical magnitude
by the data acquisition algorithm).

From the tri-axial setup, the HDZ vector data can be obtained through DAQ algorithm where

the horizontal component (H-component) is formulated in Equation (1),

H = /X% +Y? ()

D-component or declination component can be obtained based on Equation (2),

D= cos_lg (2)
And the Z component or vertical component is obtained by inverting the Z-axis sensor data,
Znm to get the downward vertical component as stated in Equation (3),

Z =Ty 3)
The magnitude of the obtained data is compared with isodynamic chart from British
Geological Survey (BGS). The 2015 magnetic field contour maps of H-, D- and Z-component

respectively can be referred in Fig. 2, Fig. 3 and Fig. 4.
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Fig.1.BGS modelling of 2015 H-component contour map
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Fig.2.BGS modelling of 2015 D-component contour map
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3. SYSTEM ARCHITECTURE AND DEVICE MECHANISM

The magnetic field reading is interpreted based on changes of frequency readings due to
perturbation from external magnetic field towards induction coil inside the digital fluxgate
sensor. Based on device architecture and mechanism in Fig. 5, the pulse width modulation
(PWM at 0-5V DC) frequency pulse stream readings is fed into microcontroller unit and the
frequencies reading are read by frequency counter algorithm by counting the number of rising

edge via external interrupt and translated into digital binary readings.

Sensor unit Microcontroller unit Wireless
Module
Fluxgate
Sensor | Frequency
. counter 1
X-axis .
( ) Wireless data
Fl . Javascript transmission
uxgate ) .
< iN Frequency N Object | by using
ﬁe{nsor ) counter 2 Notation Transmission
B (JSON) Control
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Fig.5. Wireless fluxgate magnetometer device mechanism and architecture
The square wave frequencies pulses from the fluxgate sensors behave as an external clock for
microcontroller and the rising edges of the square waves are counted within single gate timing
period, which is set in the microcontroller unit to 500 milliseconds and times by two to obtain
standard frequency reading with a fast response. The device under testing (DUT) can be seen

in Fig. 6.
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Fig.6. The device under testing (DUT) wireless magnetometer circuit and setup

The tri-axial frequencies reading are serialized by java script object notation (JSON) with 200
bytes buffer since the microcontroller has small Static Random Access Memory (SRAM) to
perform software task as the Atmel Atmega2560 microcontroller has only 8kilobytes SRAM
with 8-bit Central Processing Unit (CPU). The serialized frequencies data is transferred to
wireless module via Universal Asynchronous Receiver/Transmitter (UART) interface and the
wireless module transmitting the serialized frequencies data to data acquisition (DAQ) unit
through Transmission Control Protocol (TCP) transport layer at 1Hz sampling rate.

At the DAQ unit, the serialized frequencies data are decoded and the data are accessed
individually based on axis component. The frequencies data are converted into magnetic field
reading based on period-magnetic field reading characteristic graph provided by sensors

manufacturer as can be seen in Fig. 7.
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Fig.7. Period-magnetic field characteristic graph provided by the sensor manufacturer

The period to magnetic field reading conversion can be done based on linear Equation (4):

y=mx+c 4)

where y is equal to period (T), x is magnetic field (B) and c is period value when intercepting

at x = 0 which in this case ¢ = 1.673 X 10~>s. Gradient (m) can be obtained based on the

following Equation (5) and (6),

In this case,

Ay
= 5
m=- Q)
YoV
=y —x (6)
T,-T
m= BZ - B1 (7)
(1838 x 10755) — (2.168 x 10755) ®
™= ~""(10 000 nT) — (30 000 nT)
m = 1.65 x 10710 nT? 9)

Based on the information obtained from Equation (9), then,

T=mB+c (10)
T = (1.65 x 1071% nT™1) + (1.673 x 10~°s) (11)

The magnetic field value can be obtained based on the Equation (12) and implemented in the

period to magnetic data conversion algorithm in the microcontroller unit,

_ T— (1673 x 10755)

- (12)
1.65 X 10~5s nT1
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3.1. Fluxgate Magnetometer Sensors

Fundamental working principle of fluxgate is mutual induction between drive coil and sense
coil, then by the superimposed effect of both coils is interpreted as the output reading [11].
The sensor core is excited through drive winding and saturates alternately in either direction.
Mutual induced voltage interact with external magnetic field and induces voltage in the

pickup coil, based on Faraday’s law in Equation (13):

__N. ¥ 13
v th (13)

. . ao . .
where V is induced voltage, N is the number of turns and d—f is the rate of change of magnetic

flux.

Fluxgate magnetometer sensor is directional magnetic field sensors based on non-linearity of
the magnetization of soft-ferromagnetic materials [12]. In this research, the tri-axial fluxgate
sensor is put orthogonally to one another forming the three axis sensing in terms of Earth’s
magnetic field coordinate where Xy is the component pointing to magnetic north, Yy pointing
to magnetic east and Zy points vertically downward.

The fluxgate sensor is operated with 5.0V+0.5V and 12mA current per axis, which the power
consumption per axis is equal to 0.06W. Square wave output pulse is generated from the
sensor and the number of pulse generated per second (the frequency) is inversely proportional
to the strength of magnetic field. The magnetic field range can be detected linearly up to
50,000nT (with fluxgate frequency output varies in between ~40 kHz to ~120 kHz) and can
be increased up to 70,000nT with 15 kHz crystal puller. Come in compact size, with the
physical dimensions is equal to 62mm x 16mm. The resolution of these sensors are 10nT,
small enough to detect geomagnetism perturbation.

3.2.Microcontroller Unit

Two microcontroller integrated circuit based on Atmel™ AVR platform was chosen. For the
main microcontroller unit, it consists of four 16-bit counter which is serving as the external
interrupt frequency counter, the tri-axial magnetometer sensors output are directly fed into
external interrupt counter pins and calculated based on algorithm calculation and setup. For
the second microcontroller, it is used for UART serial communication bridging between

computer and main microcontroller. Peripherals are attached to the main microcontroller unit
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while the second microcontroller unit is for serial communication task and main
microcontroller burner.

The main microcontroller, a low power Atmel™ AVR 8-bit microcontroller series, Atmel™
ATmega2560 model consist of four 16-bit timer/counter with separate prescaler, compare- and
capture mode as this is the most useful features in this project. The microcontroller [17]
operate with 16MHz clock speed, 256kB in-system programmable flash, 4kB EEPROM and
8kB SRAM. The operating voltage 5.0V+0.5V.

Instead of using microcontroller burner, the USB to serial converter is carried by Atmel
ATmegal6U2, which makes the serial communication smooth and on-board. The
magnetometer is directly powered by SVDC USB connection instead of using 9V DC jack.
The benefit in here, the circuit element could be reduced by the absence of voltage regulator
for stepping down the DC voltage into 5V. At the same time, the energy efficiency could be
increase as there no electric energy dissipated into heat energy directly as the linear voltage
regulator does. The 2-in-1 concept is used in here, which is the USB connection is apply for
serial communication at the same time can be used for device power up.

3.3 Data Acquisition (DAQ) Unit

Data acquisition module is a central processing device for data managing and processing. A
system-on-chip (SoC) development board is selected to carry the software task, which enough
to perform data acquisition [18] application. The SoC development board is consists of
Broadcom BCM2835 SoC chip with ARM11 core architecture, which can perform 700MHz
computer clock speed, 512MB Synchronous Dynamic Random Access Memory (SDRAM)
and detachable micro secure digital (SD) memory card (can be up to 64GB nowadays). With
dimensions 85mm x 56mm x 17mm, which about credit card size can compromise the DAQ
mobility and physical dimension saving. The DAQ unit receive data feed from sensor unit via

IEEE802.11 WLAN and serve as Transmission Control Protocol (TCP) client.

4. RESULTS AND DISCUSSION
A series of experiment of laboratory measurement has been done from 1100UT on 11™ March
2015 to 1100UT on 12™ March 2015 for 24-hours measurement, which was performed at

Microwave Laboratory, Level 7, Faculty of FElectrical Engineering, UiTM Shah Alam,
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Selangor, Malaysia (coordinate: 3.072°N, 101.498°E). From the experiment, the data obtained
are plotted based on magnetic field vector components parameter versus concurrent universal
time with inclination component, I = 0.29-0.30 (inclination obtained on flat table surface).
The recorded geomagnetic field components are compared with the existing Magnetic Data
Acquisition System (MAGDAS) established by International Center for Space Weather
Science and Education Kyushu University (ICSWSE) and National Space Agency
(ANGKASA) at Langkawi (LKW) station during 15"™-16™ June 2014.

4.1. Data Acquisition and Data Processing

Frequencies data reading from tri-axial magnetometer sensors fed into DAQ unit and directly
converted into period reading. To obtain the magnetic field reading, the Equation (8)
period-to-magnetic field conversion algorithm is used to convert all tri-axial reading into
magnetic field data reading according to sensor axial respectively.

The frequency reading from x-axis sensor varies in the range of 42.250kHz (42,060nT) to
42.370kHz (41,660nT), y-axis sensor varies in the range of 59.180kHz (1009nT) to
59.630kHz (249.7nT) and z-axis sensor varies in the range of 68.200kHz (-12.520nT) to
68.560kHz (-13,000nT) as shown in Fig. 8., Fig. 9 and Fig. 10 respectively align with local

geomagnetic field setup.
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Fig.8. X-axis sensor input frequency reading received from wireless magnetometer (blue line)

and output magnetic field data reading (green line)
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Fig.9. Y-axis sensor input frequency reading received from wireless magnetometer (blue line)

and output magnetic field data reading (green line)
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Fig.10. Z-axis sensor input frequency reading received from wireless magnetometer (blue line)
and output magnetic field data reading (green line)

The DAQ unit acts as the data processing unit, which carry the function of data conversion,
smoothing and further data parameter expansion. From the X-, Y- and Z-axis data reading,
further parameter elaboration that extend into H-, D- and Z-component parameter enabled.

4.2. Geomagnetic Field

The D-component data output is plotted in Fig. 11, the data reading shows consistent
magnetic field magnitude to isodynamic chart reading where the declination reading at

Peninsular Malaysia is varies approximately to 0°.
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Fig.11. D-component versus universal time from developed wireless fluxgate magnetometer
The developed magnetometer success to show consistent reading output with the
H-component isodynamic chart from BGS. The reading magnitude is uniform with the
isodynamic chart from BGS for peninsular Malaysia, which based from the contour line is
around 40,000nT.

The developed wireless fluxgate magnetometer H-component data is plotted and compared
with LNO H-component that is plotted on the same graph figure shown in Fig. 12. During the
absent of sunlight, the developed wireless fluxgate magnetometer is varies in the range of
41,660nT to 41,898nT, the H-component magnitude is rapidly increase after sunrise and reach
at 42,057nT during noon. The LNO H-component reading is varies in the range of 41,500nT

to 41,508nT, increasing rapidly after sunrise until reached at 41,629nT during noon.
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Fig.12. H-component or magnetic north component versus universal time from developed
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wireless fluxgate magnetometer (above) and established LNO (below)

The H- and F-component has repetitive and regular pattern of daily variation with a
fundamental period of 24-hours. These variation patterns are known as solar quiet variation or
SQ variation [13]. The energy and particle transferred from the Sun towards the Earth’s sunlit
surface is the most intense during midday and charge molecules in the ionosphere produced
by ionising radiation (ultraviolet rays and X-ray), which mostly generated at that particular
time causing the air conductivity at its highest. After sunset, in the absence of ionising
radiation from the Sun, neutral molecules begin to form as the product of ionic charge
molecules recombination process since there are absence of ionising radiation. This process
occur repetitively every day.

The solar radiation [16] heating the Earth surface causing winds generated. The ionospheric
dynamo is drove by thermo-tidal winds, which is combination of winds and tidal winds. The
dynamo moving the conductive ionospheric molecules to generate currents. The two closed
loops vortexes formed caused by the current generated; an anti-clockwise vortex in the
northern hemisphere and a clockwise vortex in the southern hemisphere. These currents
influence the daily magnetic field variation as the Earth [14] also rotate creating the day and
night variation at one fix reference point. The intensity of solar radiation upon the Earth [15]
varies with the solar cycle and seasons changes, which causing Sq variation also manipulated.
For Z-component, the magnitude reading varies in the range of 12,531nT to 12,995nT as can
be observed in Fig. 13. The data output of Z-component is consistent with the magnitude
range stated in isodynamic chart in Fig. 4 at measurement location point. The isodynamic
chart shows the magnitude range at measurement location point is ranging from -10,000nT to

-20,000nT.
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Fig.13. Z-component or vertical downward component versus universal time comparison

between wireless fluxgate magnetometer (blue plot) and red plot (LNO)

The F-component magnitude is plotted and compared with LNO F-component on the same

graph figure shown in Fig. 14. The data variation from developed wireless fluxgate

magnetometer shows consistent data plot pattern with F-component geomagnetic variation

from LKW station.
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Fig.14. F-component versus universal time from developed wireless fluxgate (blue plot) and

LNO (red plot)

The magnitude is varies in the range of 43,631nT to 43,747nT during the absent of sunlight.

Right after sunrise, the magnitude is rapidly increasing until reach at 43,893nT during noon.

The LNO magnitude is varies in the range of 41,567nT to 41,575nT during the absent of

sunlight and rapidly increasing up to 41,695nT during noon.
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4. CONCLUSION

The results obtained from the pre-measurement experiment shows that the data output of the
developed low power wireless magnetometer approaching accuracy and consistency with
existing magnetometer. The device need more pre-measurement experiment and enhanced
with advanced signal data processing to obtain smoother data output. The data comparing is
the best when the measurement done at the same location point and at the same measurement
time. Due to data offline at nearest station point, the data comparing at the same measurement
time could not be performed and as an alternative, the most recent geomagnetic variation is
compared to the output of the developed magnetometer data output. For the future plan, the

magnetometer will be enhanced with advanced signal data processing.
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