doi: 10.22564/rbgf.v13i1.117

A RING CORE FLUXGATE MAGNETOMETER FOR IEEY
PROGRAM IN BRAZIL

N. B. Trivedi', F. X. K. Ogura', J. C. de Andrade’', J. M. da Costa’
& L. M. Barreto®

A three component ring core fluxgatc magnetometer was constructed to record
geomagnetic daily variations in the Brazilian Equatorial Electrojet Region during the
IEEY (International Equatorial Electrojet Year) period. The ring core sensor and
electronic circuits of the magnetometer arc accommodated in a PVC tube with a
diameter of 20 cm and height of 35 cm. The magnetometer has three analog outputs of
+ 5 volt or + 1000 nanoTesla corresponding to the H, D and Z components. It has a
precision better than 1.0 nanoTesla. The magnetometer showed an acceptable
performance in monitoring the daily variations in the H, D and Z components of the
geomagnetic field.
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UM MAGNETOMETRO FLUXGATE DE NUCLEO SATURADO PARA O
PROGRAMA IEEY NO BRASIL: Um magnetdmetro de (rés componentes do tipo
nucleo saturado em forma de anel foi construido para registrar as variagdes diurnas
geomagnélicas durante o periodo de IEEY (Ano Internacional do Eletrojato
Equatorial) na regido brasileira do Eletrojato Fqualorial.

O sensor de anel e os circuitos eletrénicos do magnetometro foram acomodados num
tubo de PVC de didmetro ~20 cm e altura 35 cm O magnetémetro tem irés saidas
analégicas de 5 volts equivalente a +1.000 nanotesla, correpondentes aos compo-
nentes H, D e Z. Ele tem precisGo melhor que 1 nanotesla. O magnetometro tem
mostrado funcionamento aceitdvel para monitorar as variagBes diurnas dos
componentes H, D e Z do campo magnético.

Palavras-chave: [luxgate de niicleo saturado;, Programa I[EEY, Magnetometro
Sluxgate.
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INTRODUCTION

Temporal changes in the intensity of the Earth’s
magnetic {icld with periods [rom few scconds to less
than a year arc caused by the clectric currents in the
Earth’s ionized atmosphere. Since the gcomagnelic ficld
is a major controlling agent for the transfer of solar
particle (plasma) cnergy (o the lower {crrestrial
atmosphcre, a large scalc international clfort is being
underlaken to study solar terrestrial rclationship under
projects like STEP (Solar Terrestrial Encrgy Program)
and IEEY (Intcrnational Equatorial Electrojet Year).

At low latitudes, +5 degrees around the magnetic
cquator, anomalous clectric currents, called Equatorial
Electrojets (EEJ), arc present in the E region of the
ionospherc giving risc (0 abnormally large daily
variations in thc H component of the gcomagnectic (icld.
Abnormally large daily variation range in H-component
at thc magnetic cquator was first detected at Huancayo,
Pcru, in 1922. Later, this large range in Sq(H) was
altributed 1o intensc clectric currents flowing in the
cquatorial E-rcgion of the ionosphere. These currenls
were named EEJ by Chapman (1951) and soon ils
theoretical cxplanations camc forward through the
works of Baker & Martyn (1953) and Hirono &
Kitamura (1956). A lair amouni of knowledge on the
EEJ is accumulated and rcviewed by scveral authors,
c.g. Forbes (1981), Raghavarao ct al. (1989), Rastogi
(1989) and Reddy (1989). Still much remains to be done
for a complcte understanding ol the physical processes
involved.

The magnelic cquator and hence the EEJ pass
across the Brazil in a way that therc is considerable land
on both the North and South of the EEJ. This is not
found in any other single country. This gcophysical fact
makes the Brazilian participation in the IEEY very
important. The scicentific importance of EEJ studics in
Brazil arc rcported by Kane & Trivedi (1980, 1982,
1985), Trivedi ct al. (1989) and Barrcto (1992). The
Brazilian Committce of IEEY has written dctailed
description of the Brazilian IEEY Project, Abdu ct al.
(1991) and Abdu (1992). Exiensive gcomagnetic
obscrvations on profiles perpendicular to the EEJ in
Brazil were planned since 1989. Hence the neced arose to
construct several low cost and low power fluxgatlc
magnctometers. Herc wc  present  details  of the
magnetometer constructed in our laboratory for the
IEEY program in Brazil.

FLUXGATE MAGNETOMETER

The usc of fluxgalc magnctomeler is widespread,
both at gcomagnctic obscrvatories and (cmporary
magnctic stations, duc (o casc of its installation, and
fairly good reliability. The clectric analog output of a
Nuxgate magnctometer facilitates automatic digilal data

Revista Brasileira de Geofisica, Vol. 13(1), 1995

acquisition. The development of luxgate magnetometer
is duc to Scrson & Hannaford (1956), Trigg ct al.
(1971), Primdahl (1979) and Acuiia (1974) among
scveral others. Onc of the earlicst paper on the subject
by Aschenbrenner and Goubau published in 1936 was
summarized and reported by Chapman & Bartels
(1940). Our merit is in making thc magnctometer as
simplc as possible, using commonly available clectronic
componcnts and being able 1o makc as many
magnctometers as nceded at a very reasonable cost.

The Fluxgate Principle

The principle of fluxgatc magnetometer is
illustrated by a schemaltic block diagram of onc axis
fluxgatc magnetometer in Fig. 1. A fluxgalc scnsor
consist of a high pcrmecability ferromagnetic corc on
which primary and sccondary coils arc wound. An
cxcilation current of [requency f is impressed on the
primary coil which drives the secnsor core into saturation
twice cvery cycle of the excitation signal. Thus, the
scnsor corc loscs most of its permeability twice for cach
cycle of the cxcitation signal. The sccondary winding
wound around thc samc corc picks up an alternating
voltage signal at the sccond and higher cven harmonics
ol thc cxcilation frequency duc to cxternal magnetic
ficld and the periodically varying corc permeability. In
general, cfforts arc madc (o isolatc thc primary
cxcitation signal from the arriving sccondary and higher
cven harmonic signals al the sccondary winding.
Howecver, in praclicc somc cxcitation signal lcaks to the
sccondary winding. The amplitude and phasc of cach of
thc harmonics present at the sccondary winding arc
proportional to thc magnitude and polarity of the
cxternal magnctic ficld present along the axis of the
sccondary winding. However, the sccond harmonic
signal represents best the varying amplitude and phasc
of the cxtcrnal magnetic field. Therclore, fluxgate
magnetometers detect the amplitude of sccond harmonic
by a synchronous phasc dctection tecchnique to monitor
the variations in the three orthogonal components of the
Earth’s magnctic ficld.

EXPERIMENTAL DETAILS

A typical fluxgalc magnctometer consists of a
scnsor, amplificr, phasc scnsitive detector, integrator,
oscillator and a calibrated biasing currcnt source. A low
distortion oscillator provides the excitation current for
the thrcc primary windings of orthogonally mounted
fluxgate clements. The sccond harmonic signal [rom
cach sccondary winding is amplificd and fed into phasc
scnsitive detector together with a reference signal that is
twicc the excitation frequency. The D.C. output from the
phasc dclcctor is proportional to the ficld component
dirccted along the axis of the corresponding {luxgate
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clement. Each clement 1s opcrated in ncar null ficld
oblained by manually presctling the bias current to the
sccondary winding of the fluxgatc clement. An additio-
nal current proportional to the measured magnetic ficld
is also dirccled into the sccondary winding, providing
negative feedback, which further cnsures that the ele-
ment is opcrated in ncar null ficld condition. The
sensitivity of the [luxgate is determined by the [eedback
resistors value controlling the magnitude of the current
in this feedback path.

Each of the componcnts of a [luxgalc magnc-
tometer constructed at INPE for the IEEY gcomagnctic
program arc described below.
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Figure 1- Schemalic block diagram of a {luxgate
magnctomcler.

Figura 1 - Diagrama de bloco de magnetometro
Juxgate.
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Figure 2 - Mcchanical design of ring corc scnsor
housing.

Figura 2 - Desenho da caixa para acomodar o sensor

de anel.
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Sensor

In our first magnetometer we have used lincar bar
scnsors (LFG-A13) as shown in Fig, 1, manufactured by
Kelvin Hughes, U. K.. Now we us¢ ring corc sensors.
We buy the ring corc nucleus (S625C31) from
Infinctics, Inc., U. S. A. and build fluxgale sensors. The
fluxgalte ring core sensor is shown in Fig. 2. The drive
winding is dircctly wound on the ring corc about 100
turns of standard SWG 36 copper wirc. The ring corc
then is fixed in a squarc casc of teflon. The sccondary
winding of aboul 400 (urns is wound on this squarc
casc. The primary winding is connected through a Iuf
capacitor to an excitation oscillator of 9kHz. The output
lo(t) of the sccondary winding is fed to an amplifier.
The sccondary winding also receives the cxternal
relerence current Iex for baselinc compensation.

Oscillator and excitation

A crystal oscillator of approprialc [requency around
IMHz frequency is used so as to derive an excitation
signal signal of 9kHz and the reference signal at twice
the frequency of cxcitation signal as shown. The
cxcilation signal is taken (o a power amplificr (a pair of
BD235 and BD236 transistors) before sending it on the
primary winding . (Fig. 3).

Amplifier and phase detection

The most important parl of the fluxgate
magnetometer is its amplificr shown in Fig. 4. The first
slage of this circuit is a current amplifier short
circuiting the sccondary coil as recommended by
Primdahl ct al. (1991). This procedurc provides stability
o the magnetometer and also reduces demands on the
band pass [ilter circuit placed just before the
synchronous phasc detection stage. The sccond stage is
for adjusting the phasc of the incoming signal. One
nceds to correct the phase of the incoming signal from
the secondary winding of the scnsor as the phase of the
excitation signal undergoes changes in the primary
windings, The third stage is a buffer and low pass filter
altcnuating signal at excitation frequency. The fourth
opcrational amplificr is a bandpass filter centered at 2f
i.c. twice the excitation frequency. The [ifth operational
amplificr inver(s the bandpass filtered signal for sending
sccond harmonic signal at phasc angles zero and 180
degrees 1o the synchronous phasc detector 4053. Here
the second harmonic signal is compared with the
original reference signal from which the excitation
signal is derived. The difference in phase belween the
two signals appear as a quasi direct current at the output
of the integrated circuit 4053, This quasi direct current
is subsequently integrated and fedback to the secondary
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coil through a right fcedback resistor to keep the
corresponding sensor clement at near null [ficld
condition. An unknown referee has pointed out that the
current amplifier used at the first stage of this circuit is
unable to restrict the [irst harmonic component of the
cxcitation signal enlering the amplificr and the
subsequent phasc detection part of the circuit. Probably
that could be a reason that we were forced to introduce a
low pass [ilter circuit attenuating the signal ncar the
excitation frequency just beforc the bandpass filter stage.
However, we chose (o use the current amplificr at the
first instead of an amplifier tuned at the sccond
harmonic signal for providing belter tempecraturc
protection to our sensor and the magnctometer.
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Figure 3 - Circuit diagram of oscillator and rcference
voltage

Figura 3 - Diagrama do circuito de oscilador ¢
voltagem de referéncia.

Base line and reference voltage

The secondary coil of the scnsor, besides the sccond
harmonic signal, is superposed by a quasi D. C. ficld
proportional to carth’s magnetic ficld present along its
Revista Brasileira de Geofisica, Vol. 13(1), 1995

axis. In order to kecp the output analog signal
proportional to thc carth’s magnetic ficld within (he
measurablc limit of +5 volts, onc nceds to supply basc
line reference vollage Lo compensate the quasi D. C.
ficld of the carth magnctic ficld component present
along the axis of the sccondary bobbin. Fig. 3 shows the
basc linc reference voltage used in this magnctometer.
An IC CA723 provides the reference voltage in the
circuit used here. The compensation current is sent (o
the respective sccondary winding for components H and
Z through a buffer amplificr as shown in the lower half
of Fig. 3. The pin number 5 (for H componcent) and pin
number 9 (for Z component) in Fig. 3 arc connccted to
the point shown as E in Fig. 4 for providing compensa-
tion currcnt Lo the respective sccondary bobbins for H
and Z componcnts. When the North - South scnsor is
aligned in the magnetic meridian the output voltage
from the East - West sensor (D component) is supposcd
to be zcro. This fact waives the need of the current
compensation circuit for the D component.

S 30K

Figure 4 - Circuit diagram of amplifier and
synchronous phasc detection.

Figura 4 - Diagrama do circuito do amplificador e
delector sincrono de fase.
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Performance

The ring corc scnsors and the complcte
magnclomeler clectronics arc housed in a PVC tube of
aboul 20 cm in diameter and 35 ¢cm in height. Normally,
the magnetometer/PVC tube is buricd at a depth of
about a meter underncath the ground and connecled by a
multistrend shiclded cablc to a Data Logger and power
supply placed in a building or a hut 30 to 50 metcrs
away from the scnsor. The multistrend cable takes +15
volts D. C. to the magnctometer asscmbly and brings
back three analog signals corresponding (o gcomagnclic
ficld variations in its three orthogonal componcnls. As
shown in the diagrams certain basclinc valuc is
cancelled from the analog voltages using the refcrence
voltage derived from de integrated circuit CA723. Thus,
only the variations in H, D and Z as bipolar analog
signals arc fed (o the data logger. We do not monitor the
centire ficld value of cach of the three vector componentls
since our dalalogger uscs an ADC of only 12 bits instcad
of the required 16 bils to monitor the entire valuc of the
vector field. The process of data acquisition is controlled
by Z80 CPU and thc data arc rccorded on a onc
megabylc memory card (EPROM). Periodically, when
the memory card is necarly full with the data we visit the
station to rcad the data from EPROM memorics.

The magnelometers construcled at INPE work
satisfactorily for the purposc of moniloring gcomagnctic
daily variations in the H, D and Z components. Eight
magnctomelers werc construcled to operalc along a
prolile between Porto Velho (8.46° S, 63.54° W) at dip
angle 6.4 degrees and Cuiaba (15.57° S, 56.12° W) at
dip angle -11.0. Thc locations of the cight magnctic
slations on both North and South of the magnclic
equator arc shown in Fig. 5. Sevcral magnctometers
were operated simultancously for {csting at INPE’s
facilities in Cachocira Paulista (22.7° S, 45.0° W). The
rccorded daily variation from the scven magnclomelers
on July 26, 1992, is shown in Fig. 6. The simultancous
reccord from all seven magnclomelers look almost
identical confirming cxactly the same performance of
the magnctometers. In Fig. 7 an example of smoothed
magnctograms rccorded at various [icld stations in the
EEJ rcgion conlirm successful construction and
operation ol the magnctomelers. The station Pimenta
Bucno (11.6° S, 61.2° W) is closest to the center of the
EEJ where, as cxpected, the range of daily variation in
H component of the gcomagnetic ficld is found largest.
During a magnetic storm on S5th. Junc 1991, the
magnctic rccord obtained at Pimenta Bucno was
compared with the rccord obtained at a ncarby magnetic
obscrvatory of Huancayo, Peru, also very close (o the
center of the EEJ. The geomagnctic obscrvations at both
the stations arc identical as shown in Fig. §.
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SUMMARY AND RECOMMENDATIONS

A dozen of three component ring core fluxgate
magnctomelers werc construcled at INPE. They show a
precision better than 0.5 nT. We found very difficult to
operale scveral magnctic slations simultancously and
obtain rcliable results. The range of Sq.(H) variations
may have dilferent amplitudes depending on  (he
distance of the station [rom (he center of the EEJ
currents but the gecometry of the variations seen at all
the stations should be identical. We took some time to
find out that we nced to usc a better temperature
stabilized precision voltage reference integrated circuit
than CA723 or just 723. The lemperature cocflicient of
CA723 is 0.003%/centigrade. We replaced 723 by
LM399A which has a (cmperature cocflicient of
0.00005% per degree centigrade. Also we had lo replace
few mulliturn carbon potentiometers by wire wound
potentiometers. If we have to start this project again we
would complelely climinale compensation circuits cither
using CA723 or LM399A, Wc¢ would rather operatc
magnctometers at a lower sensitivity such that 1 volt of
oulput would correspond to 12000 nT and usc a 18 bils
Analog to Digital Converter in the Dala Logger.
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Figure 6 - Simultancous rccord of scven magnetome-
ters operated al Cachocira Paulista on 26 July 1992.

Figura 6 - Registro simultdneo de sete magnetomeltros
operados em Cachoeira Paulista no dia 26 de julho de
1992.
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Figure 7 - Daily variation in H. D and Z on 25 ocl.
1992 at Porto Vclho, Pimenta Bucno, Vilhena and
Cuiaba.

Figura 7 - Variagdo divrna I, D ¢ Z no dia 25 de
outubro de 1992 em Porto 1elho, Pimenta Bueno,
Vithena ¢ Cuiaba.
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Figura 8 - 1'ariagdo em I durante uma tempestade,
09:00 a 13:00 horas locais no dia § de junho de 1991
em Pimenta Bueno e Huancayo.
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