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ABSTRACT This research relates to manufacturing stable homogeneous magnetic field strength generating
equipment. It refers to the stable homogeneous magnetic field device’s design method in the theoretical,
finite element, and experimental methods, which is beneficial for generating high homogeneous magnetic
field strength. The circular coils produce the uniform magnetic field strength for a given number of winding
turns and distance between the pair of coils. The number of turns of each coil and gauge of the wire for the
winding was adjusted by theoretical calculations. The coil’s current carrying capacity determines the high
magnetic field strength. The uniformity of the magnetic field is based on the size and current density of the
coils. This paper emphasizes the theoretical formula to calculate a couple of values and then apply a finite
element method for the verification. The finite element method values are compared with the theoretical
values for proofreading. The different current values are applied, showing the increase in the magnetic field
strength from low to high current values. The coils are made using the same theory and finite element method
parameters. The experimental values are similar to the simulation values, with a maximum error percentage
of 3.08 %. The magnetic field homogeneity distribution at the middle of the two coils is less than 1% of error.
The magnetic flux density in the center of the two coils is measured using a high-precision Gauss meter.

INDEX TERMS Circular coils, electromagnet, homogeneous magnetic field, Helmholtz coils.

I. INTRODUCTION
In present days, magnetic field generation is used for var-
ious medical, industrial, and aerospace applications. Stable
homogeneous magnetic fields are in high demand due to
application requirements. There are a variety of applications
in numerous subject fields that need the creation of a homo-
geneous magnetic field, such as microfluidic applications [1],
active shielding [2], electromagnetic compatibility [3], navi-
gation systems [4], and magnetic torque sensors for steering
system [5]. The Earth’s magnetic field can be utilized to
locate and control satellites [6], [7], [8]. The cathode ray tubes
are used in many applications such as televisions, computer
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monitors, and oscilloscopes, where the coils are used for the
magnetic deflection of electrons in cathode ray tubes [9],
[10], [11].

The system was used to generate a uniform magnetic field,
depending on the coil’s geometrical shape [12]. Coils are
very useful as small magnets and generate a wide range of
magnetic fields in unique shapes like arcs and squares.

Generally, coils are available in various shapes and sizes,
including circular, solenoidal, and spherical coils. Unlike the
other coils, the circular Helmholtz coil produces a homoge-
neous magnetic field [13]. The circular coils are used in MRI
machines for magnetic field strength. Here, the coils act as
receivers for the human body’s radio frequency signals and
transfer them to the computer for images [14], [15], [16],
[17]. The two coils are arranged at the required distance, and
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the current source is applied as per the electrical parame-
ters. Thus, it produces a stable homogeneous magnetic field
strength [18].

This research aims to provide a design methodology for
a stable homogeneous magnetic field generating device. The
magnetic field’s variable characteristics are caused by differ-
ent current magnitudes generating an adjustable and stable
magnetic field to overcome the permanent magnet problems.
Permanent magnets have a fixed magnetic field strength and
are not easy to use, so this is the reason for designing a
stable homogeneous magnetic field generating device. In the
present research, the first method is theory calculations used
to derive the theoretical formula and related setting parame-
ters into a theoretical formula to calculate one set of magnetic
field strength (H) values. Each set contains eight values with
the current variation (I = 0.25 A to I = 2.0 A). The sec-
ond method is simulation calculations. The Finite Element
Method (FEM) is used in these simulation calculations [19].

The simulation work is done by the magnetic simulation
software of JMAG [20], [21], [22], [23], [24]. In order to
do the simulation as a first step, the Computer-Aided Design
(CAD) of the calibration device transfers to the simulation
software as a step file. The input parameters were given
corresponding to the theoretical method and simulated a set
of values. The third method implements the second method,
which is experimental measurement. We made the two coils
using the same parameters used in the simulations. A set of
magnetic field strength experimental values were measured
with the probe. The high precision probe was used to measure
the experimental values [25], [26], [27].

The Gauss meter is Magnet-Physik (MPS) FH 54. This
is high-accuracy equipment, easy handling with a multitude
of functions. The entire range is from 0 - 3 Tesla (T). The
basic accuracy of this probe is 0.3%, and the precision is
0.2%. The accuracy of the Gauss meter probe will affect the
measurement values. The Gauss meter measurement probe’s
accuracy is based on the permanent magnet because the per-
manent magnet’s magnetic field strength is relatively stable
and reliable. So when it is necessary to calibrate the measure-
ment probes at different magnetic field strength values, the
different permanent magnets are required to see the accuracy
of the probe.

II. DESIGN METHOD OF THE CALIBRATION SYSTEM
The magnetic flux density should be stable and uniform
for the calibration of the Gauss meters. A Helmholtz Coil
concept is used in the design process of a stable homogeneous
magnetic field generating device. This condition is useful to
get high uniformity in the central of the two coils. Its structure
includes a pair of ring-shaped conductor coils. Each conduc-
tor coil carries a current in the same direction. As shown in
Fig. 1(a), the two coils are arranged parallel and decided to
give the current in series connection. The distance between
the two coils was arranged as 5 mm. The simple derivative
model of the stable homogeneous calibration device was
designed in Fig. 1(b) from the Biot-Savart law concept.

FIGURE 1. (a) CAD model of the calibration device. (b) Simple derivative
model of the stable homogeneous calibration device.

A. STABLE HOMOGENEOUS COILS SIMPLE DERIVATION
This section finds the conceptual foundation for the circular
coil’s development. The Biot-Savart law can calculate the
magnetic field’s strength surrounding a current-carrying con-
ductor wire. A current-carrying in a circular wire of radius r
generates the magnetic field dH at point A as shown in
Fig. 1(b). The field’s axial component is:

dH =
I
4π

dl
a2

sinα (1)

While a =
√
r2 + x2 and

sinα =
r

√
r2 + x2

(2)

The magnetic field H at the distance X from the axis is

H =
∫
dh =

1
2πr2
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∫
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1
2
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r2(√
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)3 (3)

According to the preceding equation, the magnetic field cre-
ated by the circular coil is

H =
nIr2

2

[
r2 +

(
L
2
+ x

)2
]−3/2

(4)

where n is the number of turns in the coil, r is the coil’s radius,
and L is the single coil’s length. The magnetic field strength
between the two coils, according to the equation, is [28].
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nIr2

2
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+
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2
− x
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]}−3/2

(5)

B. STRUCTURE OF THE CALIBRATION DEVICE
The flow charts shown in Fig. 2 and Fig. 3 represent the
simple visual representation of the step-by-step process. This
research was solved in three methods: theoretical, finite ele-
ment method, and experimental, as shown in the flow charts.
Flow charts are divided into two parts:
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FIGURE 2. M odel flow chart for the steps of theory and FEM.

1) MODEL FLOW CHART FOR THE STEPS OF THEORY AND
FEM
The model flow chart, as shown in Fig. 2, contain the
two design methods, i.e., theory and FEM. At each design
method, arrow marks reveal the steps of the designing pro-
cess. Themagnetic field strength (H) target value is fixedwith
the required parameters for designing a stable homogeneous
calibration device, as shown in Fig. 2. The parameters are
coil radius, coil length, the total number of coil turns, wire
radius, the distance between the coils, and the current size.
The target value is obtained by calculating (5) with the help
of the parameters.

We have calculated magnetic field strength values by
increasing the Ampere (A) value. The value is from I =
0.25 A to I = 2.0 A, and 0.25 A is the fixed interval of
the current as a calculation step. The model flow chart’s
FEM method is for the proofreading of the theory method.
The magnetic field strength simulations were done by the
magnetic simulation software, which includes the parameters
such as the number of turns, the wire radius, the coil’s mate-
rial, and the distance between the two coils. Using the current,
I= 0.25 A to I= 2.0 A, every step size as 0.25 A as an analog
step simulates a couple of values. If the finite element method
value’s error percentage (%) with the target value is less than

FIGURE 3. Ideal flow chart for the steps of the experimental process.

10%, the value is accepted and the idealmethod is used. If not,
return to the theoretical method, recheck the coil parameters,
and repeat the procedure.

2) IDEAL FLOW CHART FOR THE STEPS OF THE
EXPERIMENTAL PROCESS
As shown in Fig. 3, an ideal flow chart indicates the direction
of the research work’s progression and implements the exper-
imental values. The two coils were manufactured according
to the parameters of the coil, which are used in the calculation
of theory and simulation. The two coils were arranged for the
measurement by adjusting the air gap of 5 mm between them.
A couple of values were measured by increasing the D.C.
current and voltage. Here follows the same analog measuring
process of Theory and FEM. The results were compared
to the model’s flow chart theory and FEM results. If the
error percentage value is less than 10% of the target value,
the prototype is accepted. If the error percentage is greater
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than 10%, return to the experimental steps of gap adjusting
between the two coils and repeat the procedure. If the same
error percentage is observed, repeat the initial theoretical
steps, double-check the parameters and calculations, and then
repeat the process steps, simulating a new set of finite element
method values.

3) BASIC PARAMETERS OF CIRCULAR COIL AND COIL
FABRICATION
The coil parameters were considered for the theory, simu-
lations, and experiments, as shown in Table 1. In addition,
all the parameters are used for the magnetic static analysis,
especially in the D.C. field.

TABLE 1. Parameters and operating conditions of the coil.

Coils usually consist of several turns of wire wounds. Coil
winding is the most important factor which affects our target
magnetic flux density. A winding machine was used to wind
the coils. The similar and firm winding in the circular coils
ensures an optimum field. The conventional circular coils
are relatively easy to wind, and they have fewer chances of
deviation from the design area compared with square coils.
The two circular coils were made for this research work. Each
coil winding was designed with 1050 turns, an inner diameter
of 50 mm, an outer diameter of 125 mm, and a length of
80 mm. The copper was used as a conducting material for
the coil. The conductor wire cross-section was selected in a
round shape, and the wire insulation thickness was 0.10 mm.
Theoretically, copper is a superconducting material. It could
be suitable for the coils, but every superconducting material
has limited current density and magnetic field strength. The
electrical use of copper wire was determined with the help
of the American Wire Gauge. Each layer of the coil’s outer
diameter was measured and adjusted to be existing with the
selected dimensions. Ensure the precise position of copper
wire winding to avoid the excess diameter of the coil after
winding. The number of layers and the number of turns per
layer wound on the surface of the particular type of plastic
bobbin has been installed in the windingmachine. The bobbin
could be easily removed after the winding of the coils proce-
dure. The coil’s surface was wrapped with 0.5 mm thick tape
as insulation. One of the coil’s essential factors inmaintaining
the resistance (R) as small as possible is to reduce the power
dissipation.

III. RESULTS
A. THEORY CALCULATIONS
Homogeneous magnetic field strengths are required to cali-
brate the field strength meters with hall probes or determine
the area turns of measuring coils. Generally, the magnetic
field strength depends on the position and distance from the
surfaces of the coil. The theoretical calculations contain the
conceptual base to develop the circular coils for the Biot-
Savart law’s calibration device. The Biot-Savart law helps to
calculate the magnetic field strength (H) at selected point (A)
distanced by ‘X’ from the elementary part dl with a current ‘I’
as shown in Fig. 1(b). Here X is the distance of a coil from
the centre point between the two coils. Our objective is to
find a magnetic flux density (B) between the two identical
dimensional circular coils which are with the outer radius (a),
inner radius (b), and length (z), as shown in Fig. 4, with the
various current values from I = 0.25 A to I = 2.0 A. The
distance between the two coils was arranged as 5 mm because
we observed this is the suitable distance for our target value
after calculating the several distances between the two coils.
The centre point is at 2.5 mm, so the X – value is 2.5 mm.

FIGURE 4. Geometry of the coils for the target field.

Generally, the magnetic field strength is generated by pass-
ing the current through coil winding turns arranged on a
circular surface. Therefore, as a first step, we calculated the
number of turns of the coils with the help of the target mag-
netic field strength value, coil parameters, and current values
using the magnetic field strength (5). The coil parameters
were adjusted with our device requirements. Next, the set
of magnetic flux density values was calculated by using the
parameters circular coils, current (I), the distance between the
two coils, and the number of turns (N) with the help of (5) in
different currents, as shown in Table 4. The maximum flux
density is 252 Gauss (G) at the 2.0 A current. This value is
near our target value with an error percentage of 0.7%. Fig.5
shows the graphical view of magnetic flux density vs. current,
the increasing magnetic flux density as the current increases,
and the high linearity curve.
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FIGURE 5. Magnetic flux density vs. current in theory.

B. FEM CALCULATIONS
These days, computer simulations have played an essen-
tial role in developing new devices. The simulation was
implemented with the support of FEM, here performed
three-dimensional numerical simulations. Simulations allow
concepts and ideas to be verified and understood more easily.
This type of research simulation has been reported in previous
works [29], [30], [31], [32], [33], [34], [35]. This method’s
main objective is to ensure the theoretical method and observe
the effects of magnetic field strength, magnetic flux lines,
magnetic flux density, and magnetic vector plots. The sim-
ulation was done with the magnetic static analysis environ-
ment because of its simplicity and relevant results. Typically
meshing is a significant step in the simulation analysis, and
the number of nodes and elements depends on the geometrical
dimensions of the coils. The semi-auto mesh function was
selected in the meshing process, improving accuracy while
maintaining speed. The geometrical and electrical parameters
considered to conduct a simulation are shown in Table 1. The
following results were obtained after the mesh and solving
the processes, and the results are represented in a three-
dimensional view, as shown in Fig. 6. Those are magnetic
field strength ((Fig. 6(a)), magnetic field strength flux lines
((Fig. 6(b)). The magnetic field strength flux lines mea-
sure the total magnetic field strength, and it is a useful tool
for describing the effects of the magnetic force on a given
area. The magnetic flux density ((Fig. 6(c)) arises due to the
force acting per unit current and unit length on a current-
carrying conductor. The magnetic field strength vector plot
((Fig. 6(d)) represents the specified magnitude and direction
of magnetic field strength at any point of the circular coils.
The stable and homogeneous magnetic field strength values
were observed from the simulation results. Magnetic flux
density values were measured at an equal distance between
the two coils with the particular sectional area, as shown in
Table 4 simulation values. These simulation values are similar
to the theoretical values. Table 5 displays the observed error

FIGURE 6. Simulation diagrams of the coils: (a) Magnetic Field Strength
(A/m), (b) Magnetic field strength flux lines, (c) Magnetic flux density (T),
and (d) Magnetic field strength vector plot (A/m).
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percentage of the simulation values when compared to the
theoretical values.

C. EXPERIMENTAL MEASUREMENTS
The complete experimental setup of the stable homogeneous
device circular coils is arranged with a 5 mm air gap between
the two coils, as shown in Fig. 7. The circular coil resistance
(R) depend on the coil’s dimensions. In this research work,
we have used the coil wire diameter d = 1.5 mm with an
electrical resistance of R = 5.5 � to R = 6.5 �. The DC
power supply was used as a current source, and the two coils
are connected in a series circuit, where each coil contains a
number of conductive turns and carries a current. The direc-
tion of the magnetic field depends on the current direction,
and the direction does not affect the value of flux density. The
magnetic flux density (B) mainly depends on the number of
turns of the coil and the operating current. The MPS FH 54
Gauss meter is used to find the magnetic field strength. Set
the measurement range of a measuring probe 0-3 T before
measuring the magnetic flux density, choosing the zero probe
in the Gauss meter, and waiting a few seconds for the probe
value to get stable and avoiding the earth magnetic field
strength value. This method is very efficient and helpful in
measuring the values from an ultra-lowmagnetic flux density.
The measuring probe is inserted between the two coils in
the radial direction, and the tip of the measuring probe falls
within or near 2.5 mm of the line connecting the two coil’s
center lines. It passes the current to the two coils, with the
current I= 0.25 A to I= 2.0 A as the interval, each 0.25 A is
the measurement level, the voltage value is V= 1.5 V to V=
12 V, and the measurement can get a set of practical values.
The obtained experimental values are mentioned in Table 4.
Due to the high precision Gaussmeter, only one value after
the decimal point is observed.

FIGURE 7. Schematic diagram of the experimental setup.

In order to validate the theory and simulation methods,
experimental measurements were performed. Fig. 8 shows
the graphical view of the magnetic flux density of the exper-
imental method and FEM in Gauss. This graphical view
also shows a similar linearity curve to the theory and FEM
curve. The graphical view shows that magnetic flux density
increases by increasing the current. Themagnetic flux density
values were measured between the two circular coils within
the 1 mm radius circular section area at different angles at

FIGURE 8. Magnetic flux density vs. current in FEM and experimental.

each current value. However, all angles contain similar mag-
netic flux density values, so we have considered the average
value among those values shown in Table 4.

D. MAGNETIC FIELD HOMOGENEITY
The magnetic field homogeneity refers to a uniformity of a
magnetic field at the center part of the calibration device.
Generally, the magnetic field homogeneity is based on the
number of winding turns of the coil, inner and outer diameters
of the coils, and coil positions. Themagnetic field homogene-
ity was evaluated by measuring the magnetic flux density in
different positions at the 50 mm circular area diameter in the
center of the two coils. However, the magnetic flux density
was measured at five positions, such as the X-axis direc-
tion (1, 2, 3 positions) and Y-axis direction (4, 5 positions),
as shown in Fig. 9. The magnetic field homogeneity was
evaluated by randomly selected magnetic flux density values
from 35G to 275 G. These values are denoted as standard val-
ues. The measured standard values of magnetic flux densities
at different positions are mentioned in Table 2.

FIGURE 9. Positions to measure homogeneity.

The magnetic field distributions at standard values of 35 G,
100 G, 200 G, 250 G, and 275 G are shown in Fig. 10.
The magnetic field homogeneity curves in all positions are
approximately straight lines at each standard value. This
indicate the calibration device has a stable homogeneous
magnetic field.

In order to find the error percentage of homogeneity distri-
bution in the middle of the device. Then, the error percentage

103406 VOLUME 10, 2022



S. S. Syu et al.: Design of the Stable Homogeneous Magnetic Field Calibration Device Generated by the Circular Coils

TABLE 2. Magnetic flux density at different positions.

FIGURE 10. Magnetic field homogeneity at different positions.

was measured at standard value (S.V) with the help of mea-
surement value (M.V) in every position.

The position error percentage values are calculated using
a standard and position values. Then, the average of posi-
tion error percentage values is calculated from all position
error percentage values at every standard value, as shown in
Table 3.

TABLE 3. Average of standard value and error percentage.

Fig. 11 shows the homogeneity error percentage of the
calibration device. As mentioned in Table 3, the homogeneity
curve was obtained from standard values and the average
positions error percentage. The higher homogeneity error
percentage is obtained at the 35 G standard value and the
lower homogeneity error percentage is obtained at the 275 G
standard value, as shown in Table 3. As a result, the homo-
geneity curve decreases from 0.71% to 0.27%, as shown in
Fig. 11. The lower homogeneity error percentage occurs at

FIGURE 11. Magnetic field homogeneity error percentage.

the maximum flux density value, and the higher homogeneity
error percentage value occurs at the lower flux density value.
So, the overall homogeneity error percentage of the calibra-
tion device is lower than 1%. The reason for these minor
errors is due to the variation of the probe adjusting gap.

TABLE 4. Measurement values of the magnetic flux density.

IV. DISCUSSIONS
The designing process of the stable homogeneous magnetic
field calibration device illustration results from the theoret-
ical, simulation, and experimental are mentioned in Table 4.
The parametersmentioned in Table 1 are used to calculate and
measure the present results. Those results are actual operating
results. The magnetic flux density is obtained from 34.7 G to
275.2 G at the current intervals of I = 0.25 A to I = 2.0 A.
In order to design a physical device, the magnetic flux density
was examined earlier in two methods such as theoretical
and simulation for proofreading. According to the theoretical
results, the magnetic flux density was obtained from 31.55 G
to 252.43 G. As per the simulation, and the magnetic flux
density was obtained from 33.63 G to 269.08 G. The current
value is used as an analog step of 0.25 A in a theoretical,
simulation, and experimental. This current value is not fixed
for the calculation and measurement. In theory, simulation,
and experimental methods, it may also be measured in 0.1 A
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or each 0.3 A. We observed that 0.25 A is the best in the
theoretical method’s steps.

TABLE 5. Error percentage (%) values.

FIGURE 12. Magnetic flux density vs. current and error percentage vs.
current, in theory, simulation, and experimental.

Table 5 shows the device’s theory, simulation, and experi-
mental error percentage values. The error percentage values
were obtained by comparing the theoretical device values
with the simulation values, the device theoretical values with
the experimental values, and the device simulation values
with the experimental values. If the error percentage of theory
vs. simulation is within 10%, these device values are accept-
able tomake the prototype. However, if the error percentage is
greater than 10%, these values are unacceptable. Therefore,
return to the theoretical step and adjust the device parame-
ters. In this case, the maximum error percentage is 6.19%,
as shown in Table 5. Hence, these parameters are used to
make the prototype of the calibration device. The obtained
experimental measurement results are compared with the
theoretical results, the maximum error percentage is 9.07%,
as shown in Table 5, and also compared with the simulation
results, the maximum error percentage is 3.08%, as shown in
Table 5. If the experimental values error percentage exceeds
10% of the finite element method error percentage and theo-
retical error percentage values, then recheck the experimental

method’s settings parameters. The prototype will be accepted
if the experimental error percentage value is within 10% of
the theoretical and simulation error percentage values. Fig. 12
shows a graphical view of the research work. The graphical
view shows the magnetic flux density in theory, simulation,
and experimental. It also shows the error percentage between
the theory and simulation, simulation and experimental, and
theory and experimental. The theoretical graph shows that
the magnetic flux density rises from 31.55 G to 252.43 G
at I = 0.25 A to I = 2.0 A. The simulation graph increases
from 33.63 G to 269.08 G at current values. The simula-
tion graph line slightly increases than the theoretical graph
line. For example, an experimental graph varies from 34.7 G
to 275.2 G. By observing the theoretical, simulation, and
experimental graphical lines, an experimental graphical line
increases more than other graphical lines. The difference in
the three methods’ results and linearity and homogeneity
errors are due to the measuring limit of the coils, location
accuracy of the hall probe, the characteristics of the tape used
in coil winding, and tight winding turns of the coil [36].

Error lines maintain the approximately same level of
straight lines. An error percentage between the simulation
and experimental shows a small error percentage compared
with the other two error percentage lines. The maximum
error percentage is 3.08%, slightly higher than the other cur-
rent interval’s error percentage values. An error percentage
between the theory and simulation shows a straight line. It is
higher than the simulation and experimental error percentage
graph line. However, the theory and experimental results
show the maximum error percentage value of 9.07%. This
is higher than the error percentage of theory and simulation.
The straight line illustrates that strength increases from low
current magnitude to high current magnitude. It shows high
linearity and reliability, especially in simulation and experi-
mental results.

V. CONCLUSION
This paper introduced the new design of the calibration device
by using circular coils for a stable homogeneous magnetic
field strength. The theoretical, simulation and experimental
methods [37], [38], [39] have examined the coils’ magnetic
field strength. The theoretical value can be deduced before
the actual prototype by the present research work’s design
method. Then, the re-calculating can be applied to the theo-
retical value method with the help of FEM simulation results.
This is the verificationmethod in our design, and also, there is
an opportunity for the first error correction to produce results
similar to the ideal values by using the revised parameters
obtained from the FEM method manufactured a device pro-
totype. However, with the help of these designing methods,
reducing the possibility of wrong attempts can also signifi-
cantly reduce the time for adjusting the product value devi-
ation and maintaining the calibration device’s stability. The
present work also uses electromagnetic characteristics due
to the parameters of the coils that can adopt a stable homo-
geneous magnetic field strength. Different currents were
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applied to the coil setup in three designingmethods, depicting
an increase in magnetic flux density by increasing the current
value. We have compared the results and calculated the error
percentage. The theoretical and simulation values obtained
a constant error percentage of 6.18%. The simulation and
experimental error percentages are less than 3.08%, and the
theory and experimentalmaximum error percentage is 9.07%.
This device can produce a magnetic flux density from 34.7 G
to 275.2 G. This design method is beneficial for designing a
high stability and linearity magnetic field generating device.
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