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Abstract — Static magnetic fields are always present in the environment around us and, in addition to their useful applications,
they can also have negative impacts on humans. Consequently, it is essential to have a tool capable of measuring static
magnetic fields. The purpose of this research is to develop a static magnetic field meter that can accurately measure weak
magnetic fields. In this research, the design and realization of a static magnetic field meter using the rotating search
coil method is implemented. The device includes key components such as a search coil, instrumentation and calibration
amplifiers, and a display. Based on the results of measurements and tests that have been conducted, a static magnetic field
meter with a coil area of A = 1.9625 x 1073 m? and a number of turns N = 14 at a specified angular frequency (®) can
detect and measure small static magnetic field densities (B) from various sources. Under stable conditions, in a laboratory
without any additional magnetic sources, the meter can detect magnetic field densities in the range of B=2.127 to 2.375mT.
When used with specific magnetic sources, the device can measure B = 7.422 to 8.194mT for a circular magnet, B =11.03
to 11.84mT for a neodymium magnet, and B = 10.37 to 11.78 mT for a smartphone. Overall, the device effectively detects
and measures weak static magnetic fields with reliable measurement stability, demonstrated by the linear relationship
between the supply voltage and the DC motor rotation, achieving a measurement sensitivity down to B = 2.127mT.

Keywords — Static Magnetic Fields; EMF, Search Coil; Instrumentation And Calibration Amplifier; Static Magnetic Field

Detector.

I. INTRODUCTION

LECTRIC and magnetic fields are invisible lines
E of force generated by phenomena such as the
Earth’s magnetism, thunderstorms, and the use of elec-
trical devices. A static magnetic field is a force field
created by a magnet or a steady flow of electricity,
such as in equipment that uses direct current (DC) [1].
The rapid development of technology in industry and
medicine using static magnetic fields has resulted in
increased exposure to these fields for humans and has
led to a number of scientific studies on their possible
health effects [2].

The effects of magnetic and electric fields on
health are discussed in research, including the effects of
exposure to strong magnetic static fields on patients dur-
ing magnetic resonance imaging (MRI) [3], the impacts
of magnetic field radiation on public health [4], a review
of the bioeffects of static magnetic fields (SMF) [5], the
effects of SMF on neural systems [6], and the impacts
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of electromagnetic radiation from mobile phones on
the human brain [7].

Magnetic and electric fields can also affect elec-
tronic equipment, as discussed in research on the effects
of static magnetic fields at cellular levels below 10 T [8].
Magnetic and electric fields can interfere with the func-
tion of pacemakers installed in the human body [9],
influence measurements of static magnetic fields and
very low frequency (VLF) in the environment around
homes and workplaces [10], and impact the extensive
use of cell phones by creating static magnetic fields
near cell phone surfaces [11].

Given the importance of understanding the mag-
nitude of magnetic fields—especially static magnetic
fields around workplaces and residential areas—along
with the potential negative effects of electric and mag-
netic fields on health [1-7] and electronic equipment
[8-11], there is a need for continued research in this
area. Additionally, limited work has been done on
measuring weak static magnetic fields, and advancing
technology to accurately measure these fields is essen-
tial. For these reasons, this research is undertaken.

In this study, static magnetic field measurement
is performed using the “rotating search coil sensor”
method because it has the advantage of being able to de-
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tect magnetic fields H < 1 mT, with good accuracy [32]
and good sensitivity for low magnetic field intensity
investigations [16].

The purpose of this research is to produce a static
magnetic field measuring device using the “’rotating
search coil” method, which consists of: a rotating
search coil sensor, instrumentation and calibration am-
plifiers, and display components. The circuit used in
this measuring instrument is simple and uses readily
available components. Furthermore, the results of this
research can be used for the development of magnetic
field measuring devices and can also be implemented
in other scientific fields.

II. RESEARCH METHODS

Magnetic field sensors can be divided into two cate-
gories, namely based on the magnetometer principles
(vector and scalar) and gaussmeters. Judging from the
magnetic field strength and the measurement range, the
search coil is categorized as a vector magnetometer
category as stated by M. Urbaniak [32]. According
to Luca Bottura, search coils can be grouped into: (1)
point coils, (2) line integral coils, (3) area coils, and
(4) harmonic coils [33]; the rotating search coil method
in this study belongs to the area coil group, where the
search coil has good accuracy to detect static magnetic
fields < 1 mT [32]. Search coil magnetometers are
based on magnetic cores that provide external magnetic
field reinforcement. Search coils are reliable, insensi-
tive to radiation, and their good sensitivity is suitable
for investigation of weak magnetic field strength [16].
The recommended limits for exposure to static mag-
netic fields in the workplace and the general public are
summarized in Table 1. Due to the benefits of using

Table 1: Static magnetic field exposure limits

Exposure characteristics Magnetic flux density
At the workplace (closed):

Exposure to the head and body 2T

Exposure to the limbs 8T

In public (open):
Exposure to any part of the body 400 mT

magnetic fields and the negative impacts of exposure to

magnetic fields on humans and electronic equipment,

research related to magnetic field measurements con-
tinues to be conducted, including:

1. Research aimed at improving magnetic field mea-
surement facilities, such as construction of cal-
ibration facilities for search coil magnetometers
[12] and the performance of magnetic search coils
(MSC) in the form of three-axis search coil mag-
netometers with 200 mm long magnetic cores in-

stalled on the Arase satellite (ERG) for magnetic
field observations of the radiation belt surrounding
the Earth [13].

2. Research producing more sensitive and accurate
magnetic field sensors with various methods, such
as: cryogenic quadrupole search coil arrays in the
form of 5-meter long quadrupoles for superconduct-
ing magnet measurements [14], magnetic sensors
with two primary coils (excitation coils) and one
secondary coil (pick-up coil) to measure very weak
magnetic fields [15], search coil magnetometers for
weak magnetic field measurements in space exper-
iments [16], search coils as probes to measure 3D
magnetic field fluctuations in the frequency band-
width from 0.1 Hz to 4 kHz [17], micro-size search
coil magnetometers for magnetic field distribution
measurement [18], design of cryogenic search coil
arrays for harmonic analysis of quadrupole mag-
nets [19], development of advanced magnetic field
sensors [20], search coil design for accelerator mag-
net measurements [21], magnetic sensors in the
form of coils to measure magnetic fields by induc-
tion method [22], diamond-based quantum magne-
tometers with rotating diamonds to measure DC
magnetic fields [23], and the design of search coil
inductance for pulse induction metal detection [24].

3. Research on magnetic field sensor applications
in various fields, such as: magnetic sensors and
magnetometers in space and biomedical industries,
advancements in smart grids, renewable energy
sources, and electric vehicles [25]; high sensitiv-
ity solid-state magnetic field sensors, low power
consumption, flexible substrates, and miniaturiza-
tion for biosensor applications, ubiquitous sensor
networks, wearables, smart devices, and others [26];
design of micro search coil magnetometers for en-
ergy monitoring in smart buildings [27]; and design
of low frequency search coil magnetometers for
ground-airborne frequency domain electromagnetic
(GAFDEM) methods [28].

4. Reviews of magnetic field sensors, such as: reviews
of induction coil sensors known as search coils,
pickup coils, or magnetic loop sensors with air and
ferromagnetic cores [29]; modeling and ways of
improving induction magnetometers for AC and
DC magnetic field measurement in space plasma
physics [30]; and designs of resistive, capacitive,
inductive, and magnetic (RCIM) sensors [31].

Search coils are used to detect magnetic fields.
The sensitivity of the coil is linear with the magnetic
field strength. The use of a search coil is based on
Faraday’s induction law, where the magnitude of the
electromotive force (EMF) on a coil with area A cor-
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responds to the rate of change in time of the magnetic
flux density B, as shown in Equation (1).

d d
EMF = 5 COﬂBds = —E(BA)
Changes in the magnetic flux density B in the coil
can be caused by: (1) movement of the coil in a static
magnetic field, (2) movement of the magnet around the
fixed coil, and (3) time variations of the magnetic field
around the fixed coil [33].
Search coils are used to detect magnetic fields.
The sensitivity of the coil is linear with the magnetic
field strength. The use of a search coil is based on
Faraday’s induction law, where the magnitude of the
electromotive force (EMF) on a coil with area A cor-
responds to the rate of change in time of the magnetic
flux density B, as shown in Equation (2).

(1)

BMF = 2.

0
3 Bds=——(B-A)

ot @

coil

Changes in the magnetic flux density B in the coil
can be caused by: movement of the coil in a static
magnetic field, movement of the magnet around the
fixed coil, and time variations of the magnetic field
around the fixed coil [33].

A search coil consists of one or more loops of con-
ductor wire, exposed to a magnetic field B and generat-
ing an EMF or output voltage V¢ according to Faraday’s
induction law. A coil with N closed turns stretched in
area A with normal unit vector n and boundary dA, as
shown in Figure 1.

Figure 1: Schematic drawing of search coil

The output voltage V¢ is given by the rate of
change of total magnetic flux &, as in Equation (3):

dd d

d oB
= —— — -ndA — B
dt//A 5 nd 8AVX dl

As per Lenz’s law, the (—) sign means that the
induced EMF generates a current that creates a field
opposing the flux variation (right-hand rule). From

3)

Equation (3), the output voltage V¢ can be generated
in two ways: a time-varying magnetic field, usually
measured with a fixed coil (known as a flux loop), or
by moving and/or changing the shape of the coil with
a local speed v (known as a harmonic coil or variable-
geometry loop). If the coil geometry and position are
known, the average field over the coil area can be es-
timated from either the instantaneous voltage or the
time-integrated voltage, according to Equation (4).

t
CD—(I)():—/O Vedt €))
Using integration, the measured volt-seconds are di-
rectly related to the magnetic flux variations between
the initial and final configurations [21].

Induction coil sensors (also called search coil sen-
sors, pickup coil sensors, or magnetic antennas) are a
type of magnetic sensor. According to Faraday’s induc-
tion law, when magnetic flux ® (T m?) passes through a
coil with N turns and area A (m?), an EMF or voltage V
(V) is generated at the coil ends, as shown in Equation

).

ve N9 _ 4. 9B
dt dt
dH (5)
= _—un-N-A-—
Ho dr

From Equation (5), the output signal voltage V
(V) of the coil sensor depends on the rate of change of
the magnetic flux density dB/dt. The result obtained is
proportional to the magnetic flux density B (T). A large
sensitivity of the coil can be achieved by using a large
number of turns N and a large active area A (m?) [29].

The limitation of the induction coil sensor, which
is only sensitive to varying magnetic fields, can be
addressed by moving the coil, known as a moving coil
sensor, as shown in Figure 2 [29].

Figure 2: DC magnetic sensor with rotating coil

A rotating coil with a stable rotation speed @ (ra-
dians/second) allows for accurate DC magnetic field
measurement. The main requirement of Faraday’s law,
namely the variation in flux B (T), is fulfilled because
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the sensor area A (m?) changes as a sinusoidal function
Acos wt, and the magnitude of the induced voltage is
V = —B-N-Asin ot volts [29].

The methodology in this research involves design,
realization, and measurement and testing, to develop
a “static magnetic field meter using the rotating search
coil method” capable of detecting static magnetic fields,
as described in [29].

The circuit of the static magnetic field meter using
the rotating search coil method in this research consists
of a sensor in the form of a rotating search coil, an
instrumentation amplifier, a calibration amplifier, and a
display. The block diagram of the static magnetic field
meter using the rotating search coil method is shown in
Figure 3.

search coil

magneti

instrumentation
amplifier
calibration
amplifier
display

Figure 3: Block diagram of static magnetic field meter using
rotating search coil method

From Figure 3, the static magnetic field meter us-
ing the rotating search coil method consists of a rotating
search coil as a sensor to detect a static magnetic field,
an instrumentation amplifier to amplify the EMF out-
put of the search coil (which is initially very weak), a
calibration amplifier to further amplify and condition
the signal from the instrumentation amplifier so it can
be displayed, and a display that shows the results of
the static magnetic field measurements as EMF in volts
).

The static magnetic field meter uses the rotating
search coil method with the following specifications: a
search coil as a static magnetic field sensor rotated by
a DC motor; the search coil is circular with N turns of
enameled copper wire, a radius r, and surface area A; in-
strumentation and calibration amplifiers using op-amps;
an LCD display that shows the measured magnetic field
as EMF in volts (V); and a rotating search coil capa-
ble of detecting static magnetic fields (H < 1 mT) and
displaying the results as EMF in volts (V).

i. Rotating Search Coil

The search coil is a circle with a radius of r = 0.025m,
formed from N = 14 turns of enameled copper wire, as
shown in Figure 4.

The search coil attached to the rotating motor shaft

slip ring

DC motor

Figure 4: Schematic diagram of the rotating search coil

will capture the magnetic field, generating an EMF or
coil output voltage through the rotating brush, which
is then forwarded to the slip ring. From the slip ring,
the EMF flows to the instrumentation and calibration
amplifier to be amplified and adjusted so that the level
can be displayed on the display.

With a radius of r = 0.025m, the search coil has
an area A = 717> = 1.9625 x 10~>m?. The search coil
is rotated by a DC motor (voltage rating 24 V) with
a speed in units of rate per minute (rpm). When ex-
pressed in terms of angular frequency , this becomes
Equation (6):

(6)

27
® = rpm X ) rad/s
A search coil with area A (m?) and a number of N
turns, rotating harmoniously with an angular frequency
o (rad/s), sweeps the magnetic flux density B (T) of
a static magnetic field source. Thus, it behaves as if
a varying magnetic field is formed, equal to B(t) =
Bcos ot. Therefore, the EMF or voltage V (volt) at the
ends of the coil is given by Equations (7) and (8) [31]:
dd(r) dB(1)

EMF=V=-N.——~=-N-A-
dt dt

Since B(t) = Bcos wt, then:

)

d(Bcos or)

EMF=V =-N-A-
dt

=N-A-®-Bsinwt

®)

By considering the direction of the magnetic field

vector B (forming a 90° angle) to the face of the search
coil or sin wt = 1, Equation (9) is obtained:

EMF=V =N-A-w-B (volt) C)

When Equation (9) is rearranged, the magnetic
flux density B (in weber/m?) of the measurement result
is obtained as Equation (10).

__EMF=V

B= 10
N-A-® (10)

weber/m? or tesla
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If A=1.9625 x 10~3m? and N = 14 turns, Equation
(11) is obtained:

EMF =V

_ 2
=175 @ weber/m” or tesla

x 10° (11)

ii. Instrumentation and Calibration Amplifier

The instrumentation and calibration amplifier circuit
is built from an operational amplifier (Op-amp) in the
form of an IC type LM741 [34], as shown in Figure 5.

Vin + Vee
= Ve

Vee=+/-15V ‘

Figure 5: Instrumentation and calibration amplifier circuits

The instrumentation amplifier consists of a buffer
amplifier (IC 1 and IC 2) and a differential amplifier
(IC 3). The buffer amplifier, composed of two op-amp
ICs (LM741), input resistor R, and feedback resistor
(R2» = R3), has an output voltage equal to the input
voltage, also called unity gain, as in Equation (12):

Vor=Vi and Vyp=Vp (12)
where V;; = Vi = EMF or output voltage V.. from
the ends of the coil. To obtain a buffer amplifier gain
of 1, resistors R; = 10kQ and R, = R3; = 10kQ are
installed.

The differential amplifier, consisting of an op-amp
IC (LM741), input resistors (R4 = Rs), and feedback
resistors (Rg = R7), has the output voltage equation V3
as shown in Equations (13) and (14):

2Ry \ Ry
Vis=Vo—Vy) (14+22) 2L 13
03 ( i2 11)( + R, )R4 ( )
or
2R3\ Rg
Vs =Vo—Vy) [14+22) 28 14
03 ( i2 ll)( + R, )RS (14)

where (Vi — V;1) = EMF = V. Thus, the gain of the
instrumentation amplifier (IAG) is as given in Equation

(15):
V03 (
=1+
Vcoil

To achieve an instrumentation amplifier gain of
30, resistors are set as follows: Ry = Ry = R3 = 10kQ,
Ry = R5 = IOKQ, and R6 = R7 = 100kQ.

IAG =

&) Re (15)

Ri ) Rs

The calibration amplifier, composed of an op-amp
IC (LM741), input resistor Rg, and feedback resistor
Ro9, has the output voltage equation V,4 as in Equation

(16):
Ro
a4 =Vis| 1+—
Vos V5< +R8>

Thus, the gain of the calibration amplifier is given
by Equation (17):

(16)

V. R
Calibration amplifier gain = A (1 + —9) 17)
Vis Ry

To achieve a calibration amplifier gain of 11, resis-
tors Rg = 10kQ and Rg = 100kQ are used. The total
gain of the instrumentation and calibration amplifier is
calculated as the product: (instrumentation amplifier
gain) x (calibration amplifier gain) = 30 x 11 = 330.

The complete circuit of the static magnetic field
meter using the rotating search coil method is shown
in Figure 6, while the circuit layout with the device
mounted on a printed circuit board (PCB) is shown in
Figure 7.

instrumentation and
calibration amplifier

display

Figure 6: Complete circuit of static magnetic field meter
using rotating search coil method

rotating coil  static magnetic source power supply/battery

instrumentation and
calibration amplifier

search coil

Figure 7: Circuit layout with the device mounted on a PCB

From Figure 7, the circuit layout of the static mag-
netic field measuring circuit using the rotating search
coil method consists of a search coil, instrumentation
and calibration amplifier, and display.
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III. RESEARCH RESULTS AND DISCUSSION

From the design of a static magnetic field meter us-
ing the rotating search coil method, measurements of
each component and tests to detect a static magnetic
field were carried out. The tests were conducted under
controlled conditions in a laboratory room, ensuring
that no other magnetic sources were present except for
the measured magnetic source. Noise and interference
from other signals were ignored, and the distance be-
tween the coil and the magnetic source was maintained
at approximately 5 cm. The block diagram of the static
magnetic field meter test setup is shown in Figure 8.

magnetic ~
field >
source

search coil

Figure 8: Block diagram of static magnetic field meter test
using rotating search coil method

From Figure 8, the rotating search coil of the static
magnetic field meter detects the static magnetic field
from the magnetic source.

i. Search Coil

Testing the rotation of the search coil was conducted
by applying a supply voltage of 1.5 to 12 Vdc to the
DC motor. The search coil has an area A = 1.9625 x
103 m? and a number of turns N = 14. The rotational
speed (rpm) for different DC motor voltages, measured
using a Lutron DT-2236 tachometer, and its conversion
to angular frequency w (rad/s), are shown in Table 2
and Figure 9.

From Table 2, it can be observed that as the power
supply voltage applied to the DC motor increases, the
rotational speed (rpm) or angular frequency @ (rad/s)
of the coil also increases. Figure 9 shows a linear trend
between the supply voltage and the angular frequency
 of the DC motor.

ii. Instrumentation and Calibration Amplifier

The input and output signals of the instrumentation and
calibration test results are shown in Figures 10 and 11.

From testing, the instrumentation amplifier
achieved a voltage gain of approximately 30, and the
calibration amplifier achieved a gain of +11, resulting
in a total voltage gain of £330 as planned.

Table 2: Rotating speed and angular frequency of search
coil vs DC motor voltage

DC motor voltage (V) Rotating speed (rpm) Angular frequency  (rad/s)

1.5 228.6 23.946
2 2339 24.496
2.5 2479 25.968
3 248.7 26.054
35 276.7 28.976
4 279.3 29.249
4.5 280.5 29.381
5 300.6 31.482
55 310.5 32.518
6 321.5 33.677
6.5 336.4 35.235
7 339.5 35.562
7.5 346.7 36.311
8 356.1 37.295
8.5 366.4 38.375
9 372.8 39.041
9.5 380.2 39.824
10 383.4 40.152
10.5 394.6 41.328
11 403.1 42.217
11.5 411.6 43.109
12 423.6 44.367

Graph of Supply Voltage vs Angular
Frequency of DC Motor Turning

40
30

0 5 10 15
Supply Voltage (V)

Angular Frequency (rad/s)

Measurement Result sesseese Linear (Measurement Result)

Figure 9: Graph of supply voltage vs angular frequency of
DC motor turning

% ETEK v w @, 000=s Stop# ™ Measure
v

Wpp
1: 78.8ml
2 2.@au

> Wavg
1: =9.18ml
2 —33.4ml)

Frequency
1: 58, A4Hz
2: 50, 08z

| Duty Cycle
41: 53.16%
2: 59,58
./ Rise Tirme
1: 5.619ms
2: 5.618ms
@CH: EDGE FRAC
D 49.7888H=z

2oms

Figure 10: 70 mVpp input signal with a frequency of 50.04
Hz (top), and 2.0 Vpp output signal with a fre-
quency of 50.00 Hz (bottom) from the instru-
mentation amplifier
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&= INSTEK waw B, 0B8RS Stopr® ™ Measure
v

Vpp
1: 2,55V
2: 248mV

¥ Wavg
1: =123ml
2 =1.18mY

Frequency
1: 49, BEHz
2 49.58Hz

Duty Cycle
A\ 11: 49,85%
f\ j2:51.24x
" Rise Time
1: 5. 878ms
2 6. 879m=s
EDGE FAC
49. 8204Hz

@ 25ms
B 206ml)

Figure 11: 240 mVpp with a frequency of 49.50 Hz (bot-
tom), and output signal 2.55 Vpp with a fre-
quency of 49.00 Hz (top) from the calibration
amplifier

iti. Testing a Static Magnetic Field Meter

The rotating search coil functions to detect or capture
magnetic field flux from a static magnetic field source.
The static magnetic field density B is measured, and
the results are read at the ends of the coil in the form
of EMF (V). After being amplified, it is displayed on
the display in the form of EMF (V). Testing of the
static magnetic field meter using the rotating search
coil method was carried out several times with different
magnetic field sources.

Tests of the static magnetic field meter, with a
specific search coil rotation speed, were conducted to
measure static magnetic fields outdoors and in the labo-
ratory. The results are shown in Table 3.

From Table 3, it can be seen that the magnetic
field meter with a motor supply voltage from 1.5 to
12V showed the following results: (a) outdoor testing
without any electronic equipment in the area did not de-
tect (did not measure) the presence of a magnetic field,
and (b) testing in the laboratory detected a magnetic
field between 2.127 to 2.375mT. At a motor supply
voltage of 12V (angular frequency ® = 44.367rad/s),
the device detected a magnetic field of 2.264 mT, which
is well below the safe threshold of 400 mT.

Testing of the static magnetic field meter with a
certain rotation speed of the search coil was conducted
to measure the magnetic field from various sources,
including a circular magnet, a neodymium magnet, and
a smartphone. The output signal (EMF) of the static
magnetic field meter, recorded with a GW Instek GOS-
1102A-V oscilloscope when the motor voltage was set
to 12V, is shown in Figure 12 for a circular magnet
and a neodymium magnet.

From Table 4, it can be seen that the magnetic
field meter with a motor supply voltage from 1.5 to

2 chan
EDGE  §DC
95, 1613Hz

EDGE FDC @ 1ons
50.3634Hz = =

Figure 12: Output signal (EMF) of a static magnetic field
meter from a static magnetic field source of (a)
circular and (b) neodymium

12V detected the following for various magnetic field
sources: (a) circular magnets with a measured static
magnetic field density B between 7.422 to 9.234mT,
with a stable B value between 7.422 to 8.194mT at a
motor supply voltage of 5 to 12 V. At a motor supply
voltage of 12V (angular frequency ® = 44.367rad/s),
the EMF was measured at 9.155mV or B =7.51mT;
(b) neodymium magnets, with a measured static mag-
netic field density B between 10.65 to 11.84mT, and
a stable B value from 11.03 up to 11.84mT at a motor
supply voltage of 4 to 12V. At a motor supply volt-
age of 12V (angular frequency w = 44.367rad/s), the
EMF was 13.78 mV or B = 11.30mT; and (c) smart-
phone X, with a measured static magnetic field density
B between 7.77 to 11.78 mT, with a stable B value be-
tween 10.37 to 11.78 mT at a motor supply voltage of
12V (angular frequency @ = 44.367rad/s) and an EMF
of 12.641mV or B = 10.37mT.

From all these tests, the amount of static magnetic
field density B that is read in the form of EMF is influ-
enced by the stability of the DC motor rotation and the
tightness of the contact between the brush and the slip
ring that transmits the EMF from the coil end to the
amplifier circuit. The value of B from several measured
magnetic field sources was detected to be far below the
safe threshold of 400mT [2,11].

The results of the design, realization, measure-
ment, and testing indicate that the static magnetic field
meter performs effectively, successfully detecting and
measuring weak static magnetic field densities B. The
device also demonstrates strong measurement stabil-
ity, as evidenced by the linear relationship observed
between supply voltage and DC motor rotation. With
a coil area of A = 1.9625 x 103m? and N = 14, the
search coil is capable of detecting static magnetic field
densities as low as 2.127mT, highlighting its impres-
sive sensitivity. This sensitivity aligns with findings in
previous studies, where rotating search coils have been
shown to detect weak static magnetic fields [16, 32].

Furthermore, Table 5 provides a comparison of
this research’s outcomes with those of prior studies,
underscoring that the approach used here yields supe-
rior results for measuring weak static magnetic fields.
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Table 3: Static magnetic fields outdoors and inside the laboratory

Voltage of DC motor (V) Rotational speed (rpm) Angular frequency @ (rad/s) Outdoor Inside the Lab
max EMF (mV) B (mT)
1.5 228.6 23.946 1.541 2.342
2 2339 24.496 1.598 2.375
25 247.9 25.968 1.684 2.374
3 248.7 26.054 1.641 2.292
35 276.7 28.976 1.88 2.361
4 279.3 29.249 1.842 2.292
4.5 280.5 29.381 1.898 2.352
5 300.6 31.482 1.931 2.233
55 310.5 32518 1.999 2.237
6 321.5 33.677 2.06 2.226
6.5 336.4 35.235 Not detected 2.06 2.127
7 339.5 35.562 2.127 2.176
7.5 346.7 36.311 2.327 2.333
8 356.1 37.295 2.393 2.335
8.5 366.4 38.375 2.43 2.305
9 372.8 39.041 2.479 2.311
9.5 380.2 39.824 2.531 2.313
10 3834 40.152 2.594 2.347
10.5 394.6 41.328 2.688 2.368
11 403.1 42217 2.750 2.371
11.5 411.6 43.109 2.774 2.342
12 423.6 44.367 2.76 2.264
Table 4: Static magnetic fields from different magnet sources
Circular magnet Neodymium magnet Smartphone X
\Y/ ) Display Coil Display Coil Display Coil
Max EMF Max EMF B Max EMF Max EMF B Max EMF Max EMF B
1.5 23946 1.694 5.133  7.802 2.536 7.68 11.67 16.987 5.148 7.82
2 24.496 1.72 5212 7.744 2.548 7.72 1147 17.254 5228  7.77
2.5 25968 1.973 5979 8.338 2.628 796 11.16 19.845 6.014 843
3 26.054 2.055 6.227 8.699 2.667 8.08 11.29 20.065 6.080  8.49
35 28976 2.082 6.309 7.925 2.804 8.48 10.65 20.441 6.194  7.78
4 29.249 2.449 7421 9.234 3.082 9.34 11.62 23.723 7.189  9.06
4.5  29.381 2.35 7.121 8.821 3.14 9.52 11.79 24.225 7.341  9.10
5 31.482 2217 6.718 7.767 3.330 10.09 11.67 25.513 7.731  8.94
5.5 32518 2416 7.321 8.194 3.482 10.55 11.80 25.607 7.760  8.69
6 33.677 2.449 7.421  8.02 3.501 10.61 11.47 26.910 8.155 8.81
6.5 35.235 2.371 7.185 7422 3.744 1143 11.81 27.051 8.197  8.47
7 35.562 2.504 7.588 7.766 3.631 11.00 11.26 28.621 8.673  8.88
7.5 36311 2.517 7.627 7.645 3.663 11.01 11.04 36.628 11.094 11.12
8 37.295 2.740 8.303 8.103 3.850 11.67 11.39 38.120 11.552 11.27
8.5 38375 2.721 8245  7.82 4.009 12.15 11.52 40.082 12422 11.78
9 39.041 2.832 8.582 8.001 3.903 11.83 11.03 38.010 11.518 10.74
9.5 39.824 2.900 8.788 8.032 4.163 12.62 11.53 39.925 12.098 11.06
10 40.152 2.950 8.94 7.873 4.311 13.06 11.84 40.993 12.422  11.26
10.5 41.328 3.003 9.1 8.014 4.159 12.60 11.10 41.527 12.584 11.08
11 42.217 3.040 9212 7942 4.082 13.61 11.73 40.977 12.417 10.71
11.5 43.109 3.036 9.2 17.767 4.137 13.79 11.64 41.354 12.532  10.58

12 44.367 3.021 9.155 17.51 4.134 13.78 11.30 41.715 12.641 10.37
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Table 5: Comparison between the research results and other studies that have been conducted

This Research

Methods

Measured Magnetic Object/Source

Static magnetic field meter
using rotating search coil
method

Method: rotating search coil with a coil area
A =1.9625 x 10~3m? and the number of turns
N=14

Magnetic search coil (MSC) is a three-axis
search coil magnetometer with 200-mm-long
magnetic core [13]

Cryogenic quadrupole search coil array of 5-
meter long quadrupoles [14]

Magnetic sensor with two primary coils (ex-
citation coil) and one secondary coil (pick-up
coil) [15]

Search coils magnetometer [16]

Search coil does not rotate [17]

Micro-size search coil magnetometer [18]

Cryogenic search coil array of three triplets of
coils [19]

Magnetic sensor (thin-film devices) based on
bulk functional magnetic materials [20]

Search Coil [21]

Magnetic sensor in the form of a coil to mea-
sure the magnetic field by induction method
[22]

Diamond-based quantum magnetometers [23]
Search coil inductance [24]

Solid state magnetic field sensors: hall effect,
giant magnetoresistance, tunnel magnetoresis-
tance, anisotropic magnetoresistance, and gi-
ant magnetoimpedance [26]

Micro search coil magnetometer in the form
of planar spiral inductor [27]

Search coil magnetometer with air core [28]

Induction coil sensor with air and ferromag-
netic core [29]

Induction magnetometers [30]

Measured magnetic
static magnetic field

object/source:

Magnetic fields of frequency of several
kHz in the radiation belts surrounding
the Earth

Superconducting magnet

Dynamic magnetic field (varying field)
is very weak

Weak magnetic field in space experi-
ments

Magnetic field fluctuations over a fre-
quency bandwidth from 0.1 Hz to 4 kHz

Magnetic field distribution

Quadrupole magnets
Magnetic field sensor

Accelerator magnets

Dynamic magnetic field (varying field)

Converted AC magnetic field
Pulse induction metal detection

Magnetic field for biosensor application,
ubiquitous sensor network, wearable,
smart devices, etc.

Energy monitoring in smart buildings

Vertical component of magnetic field
signals in ground-airborne frequency
domain electromagnetic (GAFDEM)

Dynamic magnetic field (varying field)

AC and DC magnetic fields in space
plasma physics

The advancements made in this study can be applied to
the development of magnetic field measuring devices,
potentially benefiting a range of related scientific fields
and advancing capabilities in precise magnetic field de-
tection. This research stands out due to the utilization
of a rotating search coil method to measure static mag-
netic fields, an approach rarely employed compared to
other studies that primarily focus on dynamic magnetic
fields or specific applications. The comparison in the

table highlights that this research contributes signifi-
cantly by addressing a gap in magnetic field studies
using a simple yet effective technique. This method is
particularly relevant for specific applications requiring
high accuracy in small-scale static magnetic field mea-
surements. Furthermore, the parameters employed in
this study, such as the coil area (A = 1.9625 x 1073, m?)
and the number of turns (N = 14), provide a unique
configuration that differentiates this research from oth-
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ers. Overall, this study offers a novel solution that
can be expanded for technical applications demanding
precision in static magnetic field measurement.

IV. CONCLUSIONS

This research has successfully developed a static mag-
netic field meter using the rotating search coil method.
With a coil area of A = 1.9625 x 1073 m? and a num-
ber of turns N = 14, the device can detect and measure
static magnetic field density B from various magnetic
field sources at relatively weak levels. Under stable con-
ditions, the meter detects B =2.127 to 2.375mT in the
laboratory without any magnetic source. With specific
magnetic sources, the device can detect B = 7.422 to
8.194mT for circular magnets, B =11.03 to 11.84mT
for neodymium magnets, and B = 10.37 to 11.78 mT
for a smartphone. The measurement stability is satis-
factory, as evidenced by the linear relationship between
supply voltage and DC motor rotation speed. The de-
vice has a measurement sensitivity of B = 2.127mT.
Further research is recommended to improve the stabil-
ity of motor rotation, enhance measurement sensitivity,
and provide better display capabilities for magnetic
field B.

REFERENCES

[1] W. H. Organization, Environmental health criteria 232:
Static fields. World Health Organization: Geneva, Switzer-
land, 2006.

I. C. on Non-lonizing Radiation Protection, “Guidelines on
limits of exposure to static magnetic fields,” Health Physics,
vol. 96, no. 4, pp. 504-514, 2009.

(2]

[3] J.E Schenck, “Safety of strong, static magnetic fields,” Jour-
nal of magnetic resonance imaging, vol. 12, no. 1, pp. 2-19,

2000.

M. K. Anies, Cepat Tua Akibat Radiasi.
putindo, 2013.

S. Ghodbane, A. Lahbib, M. Sakly, and H. Abdelmelek,
“Bioeffects of static magnetic fields: oxidative stress, geno-
toxic effects, and cancer studies,” BioMed research interna-
tional, vol. 2013, pp. 1-13, 2013.

A. Hernando, F. Galvez, M. A. Garcia, V. Soto-Leon,
C. Alonso-Bonilla, J. Aguilar, and A. Oliviero, “Effects
of moderate static magnetic field on neural systems is a
non-invasive mechanical stimulation of the brain possible
theoretically?” Frontiers in neuroscience, vol. 14, no. 419,
pp. 1-9, 2020.

[4] Elex Media Kom-

(5]

(6]

[7]1 C.B.P. E. Putra, “Dampak radiasi elektromagnetik telepon
genggam pada otak manusia,” Indonesian Journal of Nursing

and Health Sciences, vol. 2, no. 1, pp. 1-6, 2021.

[8] J. Miyakoshi, “Effects of static magnetic fields at the cellular
level,” Progress in biophysics and molecular biology, vol. 87,

no. 2-3, pp. 213-223, 2005.

A. Presman, Electromagnetic fields and life.
Science & Business Media, 2013.

[9] Springer

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

K. Dervié, V. §inik, T. Despotovié, S. Jankovi¢, D. Do-
brilovi¢, M. Bjelica, and V. Kerleta, “Measurement and
analysis of static and electromagnetic fields of very low fre-
quency,” in IV International Conference Ecology of Urban
Areas, Zrenjanin, Serbia, p. 519.

L. Zastko, L. Makinistian, A. TvaroZzn4, F. L. Ferreyra, and
I. Belyaev, “Mapping of static magnetic fields near the sur-
face of mobile phones,” Scientific Reports, vol. 11, no. 1, p.
19002, 2021.

E. Pulz, “A calibration facility for search coil magnetome-
ters,” GeoForschungsZentrum Potsdam Telegrafenberg, D-
14473 Potsdam, Germany, Tech. Rep., 2002.

M. Ozaki, S. Yagitani, Y. Kasahara, H. Kojima, Y. Kasaba,
A. Kumamoto, and T. Yumoto, “Magnetic search coil (msc)
of plasma wave experiment (pwe) aboard the arase (erg)
satellite,” Earth, Planets and Space, vol. 70, no. 1, pp. 1-13,
2018.

M. 1. Green, P. Barale, L. Callapp, M. Case-Fortier,
D. Lerner, D. Nelson, and J. MacFarlane, “Magnetic mea-
surements at lawrence berkeley laboratory,” Lawrence Berke-
ley National Laboratory, Tech. Rep. LBL-29973 Rev, 1991.

M. Djamal and R. N. Setiadi, “Pengukuran medan magnet
lemah menggunakan sensor magnetik fluxgate dengan satu
koil pick-up,” in in proc ITB Sains & Teknologi, vol. 38A,
no. 2, 2006, pp. 99-115.

C. Coillot, J. Moutoussamy, P. Leroy, G. Chanteur, and
A. Roux, “Improvements on the design of search coil magne-
tometer for space experiments,” Sensor Letters, vol. 5, no. 1,
pp. 167-170, Mar 2007.

A. Roux, O. L. Contel, C. Coillot, A. Bouabdellah, B. D. L.
Porte, D. Alison, and M. C. Vassal, “The search coil mag-
netometer for themis,” Space Science Reviews, vol. 141, no.
1-4, pp. 265-275, 2008.

E. M. Ka and D. Son, “Development of micro-size search
coil magnetometer for magnetic field distribution measure-
ment,” Journal of Magnetics, vol. 13, no. 1, pp. 34-36, 2008.

M. I. Green, “Design, fabrication, and calibration of
a cryogenic search-coil array for harmonic analysis or
quadrupole magnets,” in Tenth International Conference
on Magnetic Technology, Boston, MA. [Online]. Available:
http://escholarship.org/uc/item/1cp8t26j

P. Ripka and M. Janosek, “Advances in magnetic field sen-
sors,” IEEE Sensors Journal, vol. 10, no. 6, pp. 1108-1116,
2010.

”

M. Buzio, “Fabrication and calibration of search coils,
CERN, Tech. Rep., 1998. [Online]. Available: https:
/Iwww.researchgate.net/publication/50991444

F. D. Pratama, “Pengukuran medan magnet dengan metode
induksi berbasis mikrokontroler,” Jurnal Inovasi Fisika In-
donesia (IF1), vol. 6, no. 3, pp. 59-62, 2017.

A. A. Wood, A. G. Aeppli, E. Lilette, Y. Y. Fein, A. Stacey,
L. C. L. Hollenberg, and A. M. Martin, “T2-limited sensing

of static magnetic fields via fast rotation of quantum spins,
Physical Review B, vol. 98, no. 17, p. 174114, 2018.

D. Desrochers, “Design and verification of search coil
inductance for pulse induction metal detection,” University
of Arkansas, Undergraduate Thesis, 2020. [Online].
Available: https://scholarworks.uark.edu/eleguht/71

P. Ripka, Magnetic sensors and magnetometers. Artech
House, 2021. [Online]. Available: https://iopscience.iop.org/
article/10.1088/0957-0233/13/4/707


https://journals2.ums.ac.id/emitor/article/view/6678
http://escholarship.org/uc/item/1cp8t26j
https://www.researchgate.net/publication/50991444
https://www.researchgate.net/publication/50991444
https://scholarworks.uark.edu/eleguht/71
https://iopscience.iop.org/article/10.1088/0957-0233/13/4/707
https://iopscience.iop.org/article/10.1088/0957-0233/13/4/707

Emitor: Vol 24, No 3: November 2024

[26] M. A. Khan, J. Sun, B. Li, A. Przybysz, and J. Kosel, “Mag- [30] C. Coillot and P. Leroy, Induction Magnetometers Principle,
netic sensors - a review and recent technologies,” Engineer- Modeling and Ways of Improvement. IntechOpen, 2012, pp.
ing Research Express, vol. 3, no. 2, p. 022005, 2021. 45-64. [Online]. Available: https://www.intechopen.com/

hapters/30943
[27] H. Tavakkoli, K. Song, X. Zhao, M. Duan, and Y. K. Lee, chapters

“A novel design nomogram for optimization of micro search ~ [31] W. Y. Du, Resistive, capacitive, inductive, and magnetic

coil magnetometer for energy monitoring in smart buildings,” sensor technologies. CRC Press, 2014.

Micromachines, vol. 13, no. 8, p. 1342, 2022. [32] M. Urbaniak, “Lecture note: Basic magnetic measurement
[28] F. Teng, Y. Tong, and B. Zou, “Optimized weight low- method,” 2012. [Online]. Available: http://www.ifmpan.

frequency search coil magnetometer for ground—airborne poznan.pl/urbaniak/Wyklady2012/

frequency domain electromagnetic method,” Sensors, vol. 23, [33] M. Green, Search coils. CERN, 1998.

.6, p. 3337, 2023. . . . .
no-5p [34] R. E Coughlin and F. F. Driscoll, Operational Amplifiers

[29] S. Tumanski, “Induction coil sensors - a review,” Measure- and Linear Integrated Circuits, 6th ed. Prentice-Hall Inter-
ment Science and Technology, vol. 18, no. 3, p. R31, 2007. national, London, 2001.


https://www.intechopen.com/chapters/30943
https://www.intechopen.com/chapters/30943
http://www.ifmpan.poznan.pl/urbaniak/Wyklady2012/
http://www.ifmpan.poznan.pl/urbaniak/Wyklady2012/

	Introduction
	Research Methods
	Rotating Search Coil
	Instrumentation and Calibration Amplifier

	Research Results and Discussion
	Search Coil
	Instrumentation and Calibration Amplifier
	Testing a Static Magnetic Field Meter

	Conclusions

