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Abstract: With the continuous development of economic globalization, the research demand for
intelligent agricultural machinery equipment in modern agriculture is increasing. This paper, which
aims at the positioning problem of mobile robots in agriculture production, proposes a low-cost
magnetic positioning scheme for cement ground. First, the analytical magnetic field model of ground
magnets was established. Then, by comparing the analytic computing results, simulation results,
and measured values, the modified model of magnetic fields was built and the relevant impact
factors were calculated. After that, acquisition devices were used to collect the ground magnetic field
data for the establishment of a magnetic field matching algorithm. Finally, the result showed that
the positioning displacement error was ±1 mm, and the positioning accuracy was higher than the
conventional indoor positioning method, which solved the problem of the low indoor positioning
accuracy of agriculture mobile robots and contributes to the efficient production and modernization
of agricultural machinery equipment.

Keywords: magnetic positioning; magnetic field simulation; agricultural robot; robot positioning

1. Introduction

Mobile robots are a key enabling technology for applications in agricultural produc-
tion [1]. Scholars are currently combining robotics with data science and control engineering
to further improve reliability and practicality in planting and harvesting. Agricultural mo-
bile robots require high positioning precision at the essential working position. It performs
regular movements such as the loading and unloading of cavity trays, change of direction,
position adjustment, etc. A 10 mm error can meet the requirements. However, technical
requirements for target planting, transplanting, and other specific actions need to reach
millimeter-level error. When it applies to agricultural production areas, different position-
ing technologies have different issues. So, how to select a low-cost and high-precision
positioning method applicable to agricultural mobile robots, in order to achieve rapid and
accurate alignment, becomes a heated research topic in the modernization of agricultural
production. Therefore, it is of great significance to study the positioning technology of
agricultural mobile robots and solve the problem in the positioning process of the mobile
robots for the modernization and development of agricultural equipment.

Indoor positioning technology has been developed for many years, and the existing in-
door positioning technologies mainly are GPS (Global Positioning System) [2], infrared [3],
ultrasonic, Bluetooth, and UWB (ultra-wide band) positioning technologies [4]. Among
them, infrared positioning technology shows high accuracy, however, the infrared prop-
agation distance is limited, and it requires high flatness on the surface of the measured
object, not to mention having an expensive system cost [5]. Ultrasonic positioning has a
high positioning accuracy [6]. For example, the Active Bat Positioning System proposed by
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the AT&T Cambridge Laboratory, the Constellation Positioning System, and the Cricket Po-
sitioning System developed by MIT can achieve accurate indoor positioning by ultrasonic
waves. However, the cost of ultrasonic positioning is high and supporting facilities in the
measurement space are required [7]. Bluetooth positioning devices feature small sizes [8]
and can be integrated into more test devices. However, Bluetooth signals are subject to
more interference in complex indoor environments and have poor stability. UWB [9] has
the characteristics of strong penetration and low power consumption, however, the costs of
UWB devices are extremely expensive, and too high to be used on a large scale. In summary,
the aforementioned positioning technologies either feature low positioning precision or
high cost. Therefore, combined positioning technologies have been studied by researchers.
Zhao et al. [10] used a positioning method that combined infrared and ultrasonic waves to
achieve a spatial angle error of five degrees and a distance deviation of 3 cm. Wei [11] used
a combined device of infrared and beacons to control the error of the mobile robot to within
2 cm. Wang et al. [12] incorporated RGB cameras into an indoor intelligent logistics system
as positioning sensors to enable automatic robot positioning and active obstacle avoidance.
Agricultural mechanical devices also apply magnetic positioning technology, and their
research directions focus on the innovation or improvement of magnetic positioning meth-
ods and positioning algorithms. The magnetic field can be divided into the geomagnetic
field and the artificial magnetic field. In the research about the geomagnetic field, Song
et al. [13] proposed an indoor geomagnetic positioning algorithm based on the combination
of fuzzy C-mean clustering and position switching, which consumes an average time of
7.86–7.95 ms in single-point matching. Liu et al. [14] designed a magnetic sensor array
consisting of three magnetic sensors and a recursive probabilistic neural network (RPNN)
to implement a high-precision indoor localization system. The system can detect magnetic
anomalies and spatial variations as well as identify magnetic field fingerprints with an
average positioning accuracy of 0.78 m. Jiang et al. [15] designed an indoor positioning
system based on geomagnetic positioning technology that can be deployed on an Android
smartphone. The smartphone can calculate the position, which can reach an accuracy
of 1 m, by collecting the real-time geomagnetic sensor return data and then uploading it
to the server for positioning calculation. Zhang et al. [16] similarly proposed a method
based on the indoor geomagnetic field for instant positioning, which has used improved
particle filtering to estimate the robot’s position and found that the use of kriging spatial
interpolation is more flexible than other interpolation algorithms for updating spatially
fluctuating geomagnetic maps. Sun et al. [17] also used geomagnetic positioning technology
with a wearable inertial sensor module to achieve precise positioning of firefighters in
complex indoor scenes with a positioning error within 1.4–2 m. Geomagnetic positioning
technology is widely used in indoor positioning scenarios and has the advantages of no
infrastructure and good stability. However, it relies on specific detection devices that
combine geomagnetic sensors with high-performance computing components, such as
geomagnetic sensing devices carried on smartphones. The positioning accuracy is not high,
reaching 1 m. In the research about the geomagnetic field, environmental interference exists
in magnetic positioning, so Hou et al. [18] designed an error correction algorithm to reduce
magnetic field noise interference and achieve a higher magnetometer positioning accuracy.
Yu et al. [19] proposed a new magnetic target positioning method based on the submarine
magnetometer array, which can realize the positioning calculation of magnetic targets in
the water. This method is more applied to the scenario of long-range single target detection,
although it achieves the demand of fast positioning. Hou et al. [20] used Hall sensors to
detect the spatial magnetic field of permanent magnets on microdevices and designed a
microdiagnostic device positioning system for medical applications. Zhang t al. [21] devel-
oped a vehicle magnetic positioning technique, which uses the magnetic field generated
by magnetic spikes installed on the road as the signal source and designed a double-row
magnetic ruler to detect the magnetic signal (the experimental environment is a space of
40 × 30 m, which is not suitable for this research). Wang et al. [22] proposed a differential
magnetic positioning algorithm to reduce the interference of a high background magnetic
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field on the positioning of permanent magnets and inverted the position and attitude of
permanent magnets. Li et al. [23] proposed a differential-based magnetic dipole single-
point tensor positioning method to eliminate the interference of the geomagnetic field so
that the positioning error is only 2.3 mm at a detection distance of 17.3 m. In research
on artificial magnetic field positioning methods, the column magnet (artificial magnetic
field) is generally regarded as a whole for magnetic detection, then set the magnetic force
threshold to determine the magnet position.

In summary, the aforementioned review shows that the study of positioning tech-
nology applicable to the working scenario of agricultural mobile robots will promote the
process of modernizing agricultural equipment, considering the characteristics of the oper-
ating site and the cost of installing the positioning equipment. In this paper, simple and
inexpensive linear Hall elements were used as sensors, and the position of the cylindrical
magnet was analyzed and determined based on the aforementioned basis with different
magnetic force distributions from outside to inside, thus making the positioning progress
accurate to the millimeter level. The differences are in Table 1. The main contributions
in this paper can be summarized while aiming at the positioning problem of agriculture
mobile robots in agriculture production, a low-cost magnetic positioning scheme for ce-
ment ground is proposed. The results show that the positioning displacement error was
±1 mm, and the positioning accuracy was higher than the conventional indoor positioning
method, which solveed the problem of the low indoor positioning accuracy of agriculture
mobile robots and contributes to the efficient production and modernization of agricultural
machinery equipment.

Table 1. The differences among previous research.

Magnetic Field Type Magnetic Positioning Algorithm Average Error Sensing Equipment

This article artificial magnetic field Improved search algorithm 0.89 mm Linear Hall element

Song [13]. geomagnetic field Fuzzy C-mean clustering algorithm 1.46 m Smartphone

Liu [14]. geomagnetic field recurrent probabilistic neural network 0.78 m Three magnetic sensors

Li [23]. artificial magnetic field magnetic dipole single point tensor
positioning 2.3 mm Magnetometer

Zhang [21] artificial magnetic field Vehicle location algorithm 0.1 m Magneto resistive sensors

2. Magnetic Positioning Principle and Device Selection
2.1. Magnetic Positioning Principe and Device

Due to the low accuracy of indoor positioning used in agricultural production, to
ensure the accurate positioning of the agricultural robot, the magnet is installed on the
ground, and the magnetic field strength of the ground magnet is acquired using the array
of linear Hall elements on the agricultural mobile robot. Then the magnetic field strength is
matched by using the acquired magnetic field data, and the combined device is shown in
Figure 1.
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As shown in Figure 1, a 4 × 4 array of linear Hall elements was installed on an
agricultural mobile robot and a cylindrical permanent magnet was preburied under the
concrete ground where precise positioning is required. The permanent magnets were placed
in a regular grid and the grid spacing was 2 cm. Since the movement of the agricultural
robot can change the distance between the array of linear Hall elements and the ground,
the distance h between the linear Hall elements and the ground was obtained using a
side-mounted distance sensor.

The magnet position was generally determined based on the magnetic force detection
of the column magnet as a whole and the setting of the magnetic force threshold. Based on
the aforementioned methods, this paper further analyzes the position determination based
on the different magnetic force distributions of the cylindrical magnet from outside to inside,
thus taking the positioning progress to the millimeter level. Since the agricultural mobile
robot usually needs to install a separate computing unit with poor power, to ensure that
the agricultural mobile robot could achieve accurate positioning, this paper first solved the
analytical model of the magnetic field of the ground magnet and corrected the parameters
in the model using finite element simulation values and field measurements. Then, it used
the modified model for magnetic search, and optimized the search algorithm according to
the magnetic field characteristics of the magnet, in order to finally achieve a positioning
accuracy of the agricultural robot at key positions. The agricultural robot used in the
experiment in this article is shown in Figure 2.
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Figure 2. The agricultural robot used in experiment. (a) The whole situation of facility factory nursery
base. (b) 7Y-50 cavity tray intelligent transportation system.

Figure 2a shows a full view of the facility, including both planes and tracks. Figure 2b
shows the combined operation of the transport robot and the swinging and receiving robot.
The left machine is the transport robot, and the right machine is the swinging robot.

2.2. The Selection of Sensor

The unmanned pendulum collection software system in this article matches the mag-
netic field by using the ground magnetic field collection data and the calculated magnetic
field to achieve the accurate positioning of key locations. The magnetic field collection
sensor needed to be selected to ensure the accuracy and stability of the data.

The linear induction Hall element of model SS495A1 was selected as the magnetic field
sensing element for the ground magnetic field data collection of the vegetable base in this
paper. The SS495A1 linear Hall sensor can convert the acquired magnetic field strength data
into a voltage output and realize the conversion of analog to electric A/D. The magnetic
flux range ±760 (Gauss) can be detected, the zero-point drift error was ±0.04%/◦C, the
sensitivity was 3.125 ± 0.094 mV/G, and the sensitivity drift error at room temperature
was about 25◦C is 0~0.06%/◦C. The detailed parameters are shown in Table 2.
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Table 2. Permanent magnet parameter setting table.

Parameter Value

Voltage 4.50 V~10.5 V
Current 7.0 mA (Max 8.7 mA)

Temperature −40~150 ◦C
Magnetic field detection range ±760 mT

Idle voltage value 2.50 ± 0.075 V
Sensitivity 3.125 ± 0.094 mV/G
Idle shift ±0.04%/◦C

Sensitivity shift −0.00% + 0.06% (<25 ◦C)

In this paper, since the amount of data to be collected was large, and the data collected
by the magnetic field needs to ensure a relatively uniform collection time, it was impossible
to use the CD4051 in the infrared distance sensor acquisition module. Therefore, an exter-
nal 16 channel voltage analog acquisition module based on the Modbus communication
protocol was adopted. The working voltage of the module was 24 V DC voltage, and the
data acquisition module was protected by overcurrent voltage. The module could realize
data communication of 16 analog signals by Modbus protocol and data transmission by
RS485. The data voltage range was 0–10 V, and the communication rate was 20 Hz. The
collected data had 12-bit ADC accuracy, which could meet the data acquisition with a high
baud rate without considering errors.

3. Analytical Solution Modeling of the Magnetic Field Strength of Permanent Magnets

In the calculation of the spatial magnetic field of ground permanent magnets, the
methods were generally the scalar magnetic potential method and the vector magnetic
potential method. The corresponding differential equations were established by using the
equations of magnetic scalar potential or magnetic vector potential in Maxwell’s equations,
which could realize the numerical analytical calculation of the magnetic field, as shown in
Figure 3. Since the Hall element used in this article only had the applied magnetic field
strength when it was close to the magnet, the influence of the earth’s magnetic field and
other artificial magnetic fields were negligible. Therefore, they were not considered in the
modeling process of this article.
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Using the equation for calculating the magnetic field of the magnetic charge model,
the equation for calculating the magnetic scalar φm at any point P in the space near the
permanent magnet [24] can be obtained as:

φm =
1

4π

∮
s

M · n
R

dS +
1

4π

∮
τ

∇ ·M
R

dτ (1)

where M is the magnetization intensity of the cylindrical permanent magnet; S is the space
surface outside the cylindrical permanent magnet; R is the distance between the magnetic
charge and the space point, and n is the normal unit vector outside the magnet located on
the magnet surface. The schematic diagram is shown as follows in Figure 4.
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Define ρsm as the bound magnetic charge surface density, which represents the total
directional vector value of the magnetic charge on the outer surface of the magnet:

ρsm = M · n (2)

Since it needed to be calculated as a magnetic field at any point in space, there was no
need to calculate the magnetic charge inside the magnet, and only the magnetic charge on
the top and bottom surfaces of the cylindrical permanent magnet existed. So, Equation (1)
combined with Equation (2) can be simplified as follows:

φm =
1

4π

∮
s

ρsm

R
dS (3)

According to the formula for the magnetic field strength in the magnetic charge
equation, the magnetic field strength H at any point P in space can be obtained as:

H = −∇ · φm (4)

where,∇ is the divergence factor, which is used to indicate the strength of the vector
divergence at each point in space within the characterization space, and the magnetic field
strength H of the ground cylindrical permanent magnet can be calculated as:

H = −
∮

S

ρsm

4π
· ∇ 1

R
dS =

∮
S

ρsm

4π
· R

R3 dS (5)
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The magnetic field distribution of the permanent magnet was obtained for Equation (5).
The magnetic charge model was used in the analytical calculation, so the bound magnetic
charge surface density is obtained as shown in Equation (6):

ρsm =


M, the upper surface of the cylindrical magnet

0, the side surface of the cylindrical magnet
−M, the lower surface of the cylindrical magnet

(6)

Substituting Equation (6) into Equation (5), the expression for the magnetic field from
any point P(ρ, φ, h) in space outside the cylindrical permanent magnet to the permanent
magnet can be obtained as:

H(ρ, φ, h) = M
4π

s
S+

(ρ sin φ−x)i+(ρ cos φ−y)j+(h−l)k√
(ρ sin φ−x)2+(ρ cos φ−y)2+(h−l)2

3 dS

− M
4π

s
S−

(ρ sin φ−x)i+(ρ cos φ−y)j+hk√
(ρ sin φ−x)2+(ρ cos φ−y)2+h2

3 dS
(7)

where φ is the angle between point P and the positive direction of the y-axis; ρ is the
distance between point P and the centerline of the permanent magnet; h is the distance
between point P and the lower end face of the permanent magnet; i, j, and k are unit vectors
in x, y, and z-axis directions respectively.

Equation (7) allows for the curved area partitioning of the magnetic charge surface.
The magnetic charge surfaces S+ and S− can be divided into Hi+,Hi−,Hj+,Hj−,Hk+,Hk−.
The magnetic field strength at a point P(ρ, φ, h) can be found by calculating these six
integrals respectively.

(1) Calculation of Hi+ and Hi−
It is obtained that Hi+ is:

Hi+ = M
4π

s
S+

(ρ sin φ−x)√
(ρ sin φ−x)2+(ρ cos φ−y)2+(h−l)2

3 dS

= M
4π

∫ π
2
− π

2

R cos θ√
ρ2+R2+(h−l)2−2ρR sin φ cos θ+2ρR cos φ sin θ

dθ

− M
4π

∫ π
2
− π

2

R cos θ√
ρ2+R2+(h−l)2+2ρR sin φR cos θ+2ρR cos φR sin θ

dθ

(8)

Let k2
+ = 2ρR/

(
ρ2 + R2 + (h− l)2

)
, k+2 ≤ 1 satisfy the requirements of the generalized

binomial theorem, and thus it follows that:

Hi+ = MR

4π

√
ρ2+R2+(h−l)2

×
{∫ π

2
− π

2

∞
∑

i=0

[
1
2

2i + 1

](
k2
+

)2i+1
(cos φ sin θ − sin φR cos θ)2i+2dθ

}
+

MR

4π

√
ρ2+R2+(h−l)2

×
{∫ π

2
− π

2

∞
∑

i=0

[
1
2

2i + 1

](
k2
+

)2i+1
(cos φ sin θ + sin φR cos θ)2i+2dθ

} (9)

The integration region of Equation (9) is asymmetric and there is a nonintegrable issue
in the process of binomial expansion, so a relative coordinate system x′y′z′ is established
at the projection point of point P on the xOy-plane as in Figure 4, where the y′-axis of the
x′y′z′-coordinate system is the line between point O and point P′. The projection of point P
and the direction is the origin point O to the point P′. The x′-axis is at an angle of φ degrees
from the x-axis and which is on xOy-plane, and the z′-axis coincides with the z-axis, and
the relative coordinate system as shown in Figure 5.
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At this point, according to the established relative coordinate system, φ′ = 0, it is
obtained that:

Hi′+ =
MR

π

√
ρ2 + R2 + (h− l)2

×
∫ π

2

0

∞

∑
i=0

[ 1
2

2i + 1

](
k2
+

)2i+1
(sin θ)2i+2dθ (10)

Since sin θ in the binomial expansion is symmetric about the region of integration, it
follows that in the direction of the i′ unit vector there is:

Hi′+ = Hi′− = 0 (11)

(2) Calculation of Hj+ and Hj−
According to the Hj+ equation, eliminating the original equation and then defining

the x′y′z′ coordinate system, the binomial expansion of Hj+ is obtained as:

Hj′+ = MR

π

√
ρ2+R2+(h−l)2

×
∫ π

2
0

∞
∑

i=0

[
1
2

2i + 1

](
k2
+

)2i+1
(cos θ)2i+2dθ

= MR

2
√

ρ2+R2+(h−l)2
×

∞
∑

i=0

[
1
2

2i + 1

](
k2
+

)2i+1 (2i+2)!

[2i+1·(i+1)!]
2

(12)

where
[

n
i

]
= (n · (n + 1) · (n + 2) · · · · (n + i− 1))/i!,k2

+ = 2ρR
ρ2+R2+(h−l)2

Similarly, the binomial expansion of Hj− can be obtained as:

Hj′− = MR
π
√

ρ2+R2+h2
×
∫ π

2
0

∞
∑

i=0

[
1
2

2i + 1

](
k2
+

)2i+1
(cos θ)2i+2dθ

= MR
2
√

ρ2+R2+h2
×

∞
∑

i=0

[
1
2

2i + 1

](
k2
+

)2i+1 (2i+2)!

[2i+1·(i+1)!]
2

(13)

where
[

n
i

]
= (n · (n + 1) · (n + 2) · · · · (n + i− 1))/i!,k2

+ = 2ρR
ρ2+R2+h2 .

It can be obtained that both Hj′+ and Hj′−, which are based on the Hj′− coordinate
system. In order to establish the mapping relationship with the original xyz coordinate
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system, the magnetic field force needs to be decomposed, and according to the schematic
diagram of the coordinate system as in Figure 4, it can be obtained that:{

Hj+ = Hj′+ cos φ, Hj− = Hj′− cos φ

Hi+ = Hj′+ sin φ, Hi− = Hj′− sin φ
(14)

(2) Calculation of Hk+ and Hk−.
Similarly, it is obtained that:

Hk+ = M
4π

s
S+

h−l√
(ρ sin φ−x)2+(ρ cos φ−y)2+(h−l)2

3 dS

= MR(h−l)

2[R2+(h−l)2]
√

ρ2+R2+(h−l)2
×

∞
∑

t=0

∞
∑

i=0
(k′+)

2t ·
(
k2
+

)2i×

(2t+2i+2)!

[2t+i+1·(t+i+1)!]
2 ×

{
R
[

1
2
2i

]
−
(
k2
+

)
· ρ
[

1
2

2i + 1

]} (15)

where k2
+ = R2

ρ2+R2+(h−l)2 ,(k′+)
2 = R2

R2+(h−l)2

Hk− = M
4π

s
S+

h√
(ρ sin φ−x)2+(ρ cos φ−y)2+h2

3 dS

= MRh
2[R2+h2]

√
ρ2+R2+h2

×
∞
∑

t=0

∞
∑

i=0
(k′+)

2t ·
(
k2
+

)2i×

(2t+2i+2)!

[2t+i+1·(t+i+1)!]
2 ×

{
R
[

1
2
2i

]
−
(
k2
+

)
· ρ
[

1
2

2i + 1

]} (16)

where k2
+ = R2

ρ2+R2+h2 ,(k′+)
2 = R2

R2+h2

Substituting Equations (11) and (14)–(16) into Equation (7), it is obtained that:

H(ρ, φ, h) = sin φ
(

Hj′+ − Hj′−
)

i

+ cos φ
(

Hj′+ − Hj′−
)

j
+(Hk+ − Hk−)k

(17)

By calculating the magnetic field strength above, the total magnetic induction B(ρ, φ, h)
of the cylindrical permanent magnet in the vacuum case (µ = 4π × 10−7 H/m), can be
calculated as:

B(ρ, φ, h) = µ ·H(ρ, φ, h) (18)

where µ is the magnetic permeability of the space magnetic medium of the cylindrical
permanent magnet.

4. Simulation of the Magnetic Field Strength of Permanent Magnets and the Magnetic
Field Strength Formula Correction
4.1. Simulation of Magnetic Field Strength of Permanent Magnets

To ensure the accuracy of the magnetic field calculation for this equation magnet,
ANSYS Maxwell magnetic field analysis software was used to simulate the cylindrical
permanent magnet and compare the analytical calculated values with the finite element
simulation values. The simulation process mainly defined material parameters, established
a magnetic field model, set spatial domain boundary conditions, simulated results, and
analyzed the cloud image.

(1) Define material parameters.
In this paper, the test used powerful magnets with magnet type NdFe35, and the

specific parameter settings are shown in Table 3.
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Table 3. Permanent magnet parameter setting table.

Parameter Value

Magnetism 1.0997

HC (A/meter) −890,000

Br (Tesla) 1.23

x-axis component 1.00

y-axis component 0

z-axis component 0

Magnetization rate (siemens/m) 625,000

Material Properties solid

(2) Modeling the magnetic field.
A cylindrical permanent magnet with a 5 mm upper face radius and a 20 mm magnet

height was used for the test, as shown in Figure 6. The upper face of the permanent
magnet is the N-pole of the magnet, and the lower face is the S-pole, and the magnet was
placed vertically. We created a Maxwell 3D model in ANSYS Maxwell, set the individual
cylindrical permanent magnet size parameters, and defined the material parameters.
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(3) Set the space field boundary conditions.
The magnetic field strength of the ground permanent magnet at different heights was

measured using a digital Tesla meter. According to the field measurement, the digital
Tesla meter was placed vertically with the ground permanent magnet position at 10 mm to
15 mm above. The magnetic field value at this position was measured, and the maximum
value of the magnet magnetic field at 10 mm was about 0.65 T. Magnetic field strength
range and indexing values that can be detected by the linear Hall sensor SS495A1 were set
to the distance of the linear Hall sensor from the ground at about 15 mm in this simulation.
According to this value, the finite element space domain was set as a square with a side
length of 40 mm and set the parallel symmetry plane of the space domain.

(4) Result simulation and cloud image analysis.
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A relative coordinate system located 15 mm from the upper-end face of the permanent
magnet was established, and the xOy-plane of this coordinate system was used to calculate
the magnetic field strength B and the simulation results were compared numerically. The
simulation results in ANSYS Maxwell are shown in Figure 7.
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Figure 7. Cloud image of magnetic field intensity.

4.2. Magnetic Field Strength Formula Correction

Two height positions of 10 mm and 15 mm were selected for the multipoint mea-
surement of the magnetic field strength in the plane, and the data were filtered in these
two planes in the ANSYS Maxwell dataset. Since the magnetic field of a single cylindrical
permanent magnet was symmetrically distributed, so the distance was only used as the
horizontal coordinate, and the comparison results are shown in Figure 8.

As shown in Figure 8, the red star-shaped line is the real measurement value, the
green circle-shaped line is the Maxwell magnetic field simulation value, and the blue line is
the analytical calculation value. According to the calculation, the average error between
the analyzed and measured values of magnetic induction strength B was 12.4%, and the
average error between analyzed and simulated value was 6.63%. According to Equation
(6), it is known that the analytical calculation only considers the upper and lower surfaces,
so there was a numerical fluctuation between the analytical value and the simulated value
at the edge of the upper-end face. Meanwhile, this paper considers the offset of the image
caused by the deviation of computer calculation and data processing. The error between
the analytical value and the field measured value increases with the increase of distance,
and the value of multiple measurements was smaller than the calculated value, mainly
considering that the magnet parameters have a certain error with the nominal, and the
deviation at this place was larger. Therefore, the correction of Equation (18) was needed.



Actuators 2023, 12, 13 12 of 23
Actuators 2023, 12, x FOR PEER REVIEW 12 of 24 
 

 

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

M
ag

n
et

ic
 f

ie
ld

 s
tr

en
g

th
 B

(T
)

0         5

Distance from the center of the 

cylindrical permanent magnet ρ(mm)

10 15 20 25 30 35 40

Measured value

Simulation value

*

Parse calculated value

 
(a) 

0.3

0.25

0.2

0.15

0.1

0.05

0

M
ag

n
et

ic
 f

ie
ld

 s
tr

en
g
th

 B
(T

)

0         5

Distance from the center of the cylindrical 

permanent magnetρ(mm)

10 15 20 25 30 35 40

Measured value

Simulation value

*

Parse calculated value

 
(b) 

Figure 8. Comparison of the calculated value, simulated value, and measured value. (a) Magnetic 

field 10 mm away from the upper-end face. (b) Magnetic field 15 mm away from the upper-end 

face. 

As shown in Figure 8, the red star-shaped line is the real measurement value, the 

green circle-shaped line is the Maxwell magnetic field simulation value, and the blue line 

is the analytical calculation value. According to the calculation, the average error between 

the analyzed and measured values of magnetic induction strength B was 12.4%, and the 

average error between analyzed and simulated value was 6.63%. According to Equation 

(6), it is known that the analytical calculation only considers the upper and lower surfaces, 

so there was a numerical fluctuation between the analytical value and the simulated value 

at the edge of the upper-end face. Meanwhile, this paper considers the offset of the image 

caused by the deviation of computer calculation and data processing. The error between 

the analytical value and the field measured value increases with the increase of distance, 

and the value of multiple measurements was smaller than the calculated value, mainly 

considering that the magnet parameters have a certain error with the nominal, and the 

deviation at this place was larger. Therefore, the correction of Equation (18) was needed. 

Figure 8. Comparison of the calculated value, simulated value, and measured value. (a) Magnetic
field 10 mm away from the upper-end face. (b) Magnetic field 15 mm away from the upper-end face.

In order to realize the correction of the perturbation error of the magnetic field, the cor-
rection function that changed with the measurement position was added in the cylindrical
permanent magnet analysis, and the correction function needed to consider the numerical
correction of the magnetic field components in each direction in the relative coordinate
system x′y′z′, and the correction function δ(ρ, φ, h) can be obtained as:

δ(ρ, φ, h) = ρj +
(

h− l
2

)
k = C0

[
ρ sin φi′ + ρ cos φj′ +

(
h− l

2

)
k′
]

(19)

where C0 is the coefficient of magnetic field distance correction.
Combining the relevant terms of Equations (18) and (19), the analytical calculation

expression of magnetic field strength B is:

B′(ρ, φ, h) = µ[H(ρ, φ, h) + δ(ρ, φ, h)] (20)



Actuators 2023, 12, 13 13 of 23

For the overall deviation of the data, add the magnetic field correction factor to
Equation (20), Bcorrection(ρ, φ, h) can be calculated as follows:

Bcorrection(ρ, φ, h) = µ · C1[H(ρ, φ, h) + δ(ρ, φ, h)] (21)

where C1 is the magnetic field deviation correction factor and δ(ρ, φ, h) is a correction
function that varies with distance.

The parameters in Equation (21) were numerically fitted based on the measured
values of the magnetic field strength and the analytical calculation results of the cylindrical
permanent magnet at the cavity disk base. It is obtained that C0 = −4.15× 10−4, C1 = 1.015,
with a mean square error (MSE) of 1.7846× 10−4 and an R-square of 0.999, compared as
shown in Figure 9.

By calculating the magnetic field data at different distances from the end face and
comparing it with the real measurement values, the results of the error rate are shown
in Table 4. The corrected average error value is 6.61%, and the modified magnetic field
analytical formula is within the error acceptance range.

Table 4. Modified calculation error rate table for different distances.

Distance from Upper Face (mm) Error Rate (%)

10 6.74

11 5.23

12 7.21

13 6.19

14 6.73

15 7.55

Average Error (%) 6.61
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Figure 9. Comparison between calculated and measured values after modification. (a) Magnetic field
10 mm away from the upper-end face. (b) Magnetic field 15 mm away from the upper-end face.

5. Matching Model based on Magnetic Field Analytical Solution
5.1. Magnetic Field Matching Model

As the data density for the resolution calculation is 1 mm, the linear Hall elements are
arranged at 5 mm intervals, so the density of the magnetic field detection array was much
smaller than the calculated resolution density, and therefore the conventional grey-scale
matching algorithm cannot match the data. The design of the magnetic field data with
a base map S size of M × N, using a magnetic field template map T size of m×n, and a
subgraph S(x,y) size of m×n, where (x, y) is the upper left corner of the subgraph in the
base map S pixel coordinates, as shown in Figure 10.
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The metric function 𝑑(𝑥, 𝑦) is the matching metric value after offsetting (x,y). When 

the value at (x,y) is the minimum value among all the offsets, the best matching position 
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Based on the subgraph established in Figure 10, a subgraph S(x,y) is constructed by
sampling the search graph S at 5 mm intervals, which can be used to perform template
matching with the template graph T.

In order to achieve comparison of the relevance of the template to the subgraph, the
correlation function needs to be selected. The main common correlation functions are
the MAD algorithm [25] and the SSDA algorithm [26], both of which have good template
matching capabilities. These two algorithms are introduced as follow.

MAD algorithm.
The MAD algorithm is an algorithm used for matching, the main idea of which is

to obtain a graph of the same size in the search graph S and the template graph T to
calculate the average error value between the two graphs. In this paper, the search graph S
is sampled with the template graph T for equal density, so the range of subgraph sampling
x, y can be obtained as: {

1 ≤ x ≤ M−m + 1
1 ≤ y ≤ N − n + 1

(22)

In the actual sampling process, there may be a part of the corresponding value of the
subgraph S(x,y), which exceeds the search map S boundary, where the boundary for the
magnetic field value is small and can be neglected, so the complementary zero is used for
the data exceeding the search boundary. From this, the matching degree function d(x, y)
can be obtained according to the graphical relationship as in Figure 9.

d(x, y) =
1

m · n
m

∑
i=1

n

∑
j=1

∣∣∣S(x,y)(i, j)− T(i, j)
∣∣∣ (23)

The metric function d(x, y) is the matching metric value after offsetting (x,y). When
the value at (x,y) is the minimum value among all the offsets, the best matching position is
considered to be obtained after offsetting (x,y). In this paper, this position was considered as
the accurate positioning position of the ground magnetic field and the measured magnetic
field. At the same time, this algorithm has a strong antinoise ability and has a high matching
accuracy when the distortion of the value changes is relatively small.

SSDA algorithm
The SSDA algorithm, also known as the sequential similarity detection algorithm, is

an optimization of the MAD algorithm, which computes the mean values of the subgraphs
and templates to obtain that:

S(x,y)
=

1
m · n

m

∑
i=1

n

∑
j=1

S(x,y)(i, j) (24)

T =
1

m · n
m

∑
i=1

n

∑
j=1

T(i, j) (25)

According to Equations (24) and (25), the absolute error in template matching can be
calculated as:

ε(x, y, i, j) =
∣∣∣S(x,y)(i, j)− S(x,y) − T(i, j) + T

∣∣∣ (26)

The constant error threshold was taken in the algorithm Th, the pixel point S(x,y)(i, j)
was randomly selected in the subgraph S(x,y), and the absolute error value ε(x, y, i, j) in the
template graph T corresponding to it was carried out by Equation (26), and the error value
was cumulated. When the total error value exceeded the error threshold Th after t times
of cumulation, the cumulative number t at the (x, y) point was recorded, so the relevant
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number t was defined with the cumulative value R(x, y) of the search at the location of the
matching search graph as

R(x, y) =

{
t| min

1≤t≤m·n

(
t

∑
k=1

ε(x, y, i, j) ≥ Th

)}
(27)

When R(x, y) was the maximum value in the search map, it was considered that the
location at (x, y) point was the matching position. Compared with the conventional MAD
algorithm, the SSDA algorithm was able to select pixels by a nonrepetitive order, without
calculating all pixels in the search map, as long as the total error value was greater than
the set error threshold Th, it could quickly exclude subgraphs with large differences from
the target template graph T, which could largely speed up the matching. However, due
to the strong randomness of this method, if there was noise in the ground collection data,
there may have been a situation where the matching t times were directly identified as a
nontarget matching region, and the cumulative value (x, y) of SSDA matching search for
different subgraph is shown in Figure 11.
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As shown in Figure 11 above, when there was a large error between subgraph A and
subgraph B and the collected value of the ground magnetic field, there existed a rapid
growth of the accumulated absolute error. When the total accumulated error was greater
than Th, the search for the submap was suspended. However, when there was more serious
noise in submap C at the preset matching point, the matching result of the final SSDA
algorithm was considered with submap D as the final matching position due to the larger
error obtained from the calculation in the matching algorithm. Therefore, although the
SSDA algorithm could quickly screen the nonmatching positions, it was less effective in
matching the template T where noise exists.

The SSDA algorithm can be improved using the pyramid acceleration model, however,
in this paper the actual ground magnetic field data collection points were relatively small,
only 4× 4 pixels. Therefore, the pyramid acceleration algorithm showed a poor perfor-
mance in up sampling and down sampling the images which needed to be matched, while
the original SSDA algorithm can already be better applied in the magnetic field matching
algorithm.

5.2. Magnetic Field Matching Model Optimization

In Section 4.2, both the search algorithm MAD and the random search algorithm
SSDA required matching a global search. However, the global search will increase the
computation of the main logic chip, so it requires optimization of the magnetic field
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matching model in Section 3. According to the problems existing in the above matching
model, the model optimization was mainly reflected in the optimization of the analytical
solution model of the cylindrical permanent magnet and the optimization of the search
matching algorithm for the magnetic field acquisition data.

(1) Cylindrical permanent magnet model optimization
To ensure the accuracy of magnetic field matching, it was necessary to calculate the

entire area of the ground cylindrical permanent magnet. However, as shown in Figure 8,
when the magnetic field measurement point was located at 10 mm away from the upper
end of the cylindrical permanent magnet while the distance from the projection position
of the upper-end surface was more than 40 mm, the measured magnetic field strength
value was less than 10 m. Although the value was still within the detectable range of the
linear Hall element, when the distance exceeded 40 mm, the magnetic field value of the
entire magnet changed slowly and the values converged to zero. Despite the fact that it
did not affect subsequent calculations of the position of the magnetic field matching model,
using Equation (21) numerical calculations of magnetic fields would increase numerical
calculation time, reduce efficiency, and did not guarantee real-time magnetic field matching.

By setting the radius of the magnetic field influence, the amount of calculation of the
analytical value of the magnetic field could be greatly reduced and the optimized magnetic
field expression B(ρ, φ, h) could be obtained as follows:

B(ρ, φ, h) =


n
∑

i=0
Bi correction(ρi, φi, h),

√
ρ2

i + h2 ≤ ρ0

0,
√

ρ2
i + h2 > ρ0

(28)

where ρ0 for the magnetic field influence radius takes 40 mm.
(2) Search algorithm optimization
As the search graph obtained from the subgraph in this paper was the magnetic field

value matrix of the ground cylindrical permanent magnet, the overall magnetic field data
distribution was as shown in Figure 6. The value in Figure 6 is centered on the maximum
magnetic field value of the magnet. All the data were symmetrical along the axis of rotation,
and the overall data is slope shaped. Thus, the search algorithm could conduct a directional
search according to the change direction of magnetic field data instead of using global
search supplemented by a random search to achieve precise positioning of magnetic field
matching. The magnetic field data trend is shown in Figure 12.
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To achieve data movement, it was necessary to compare the ground data near the
collection point with the collected value data, which is shown in Figure 13.
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According to the relationship between the ground collection point and the calcu-
lation point in Figure 13, the data in this paper were compared using eight numerical
calculation points of the ground magnetic field near the collection point, located in the
vicinity of the subgraph sampling point S(x,y)(i, j) for the p-direction calculation value
w(x,y)(i, j, p)(p = 1, 2, · · · 8). The optimal direction can be obtained through the calculation
formula as follows:

p
∣∣∣∣ min
1≤p≤8

(
T(i, j)− w(x,y)(i, j, p)

)
(29)

The calculated direction was the minimum value of the data difference between the
ground data collection point and the p-direction of the subgraph sampling point S(x,y)(i, j).
Since the ground magnetic field collection module used in this paper was a 4 × 4 linear
Hall element, it was necessary to count the optimal direction Pi at these 16 points. If
eight directions had the same data difference, the point was defined as having no optimal
movement direction, and the common movement direction P obtained from these 16 points
was derived according to the way of seeking the combined force as follows:

P =
8

∑
i=1

Pi (30)

Then, using the common motion direction P to compare with the eight fixed directions,
select the direction of the next subgraph movement, get the new subgraph search coordi-
nates, and calculate the error value between the subgraph S(x,y) and the template map T
at this time. When the error no longer decreases, stop the search and the best position for
magnetic field matching is at (x, y).

As the improved method in this paper used one pixel movement at a time, the deter-
mination of the initial position had a greater impact on the number of final movements.
According to the data characteristics in Figure 13, the maximum value of the 16 data ac-
quired in the ground magnetic field acquisition module could be assumed to be the positive
center of the magnetic field, which reduced the occurrence of too many search steps caused
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by subgraph S(x,y)(i, j) staring from an unknown initial position. The advantage and the
disadvantage of the algorithms mentioned above is shown in the Table 5.

Table 5. The advantage and the disadvantage of the three algorithms.

Advantage Disadvantage The feature in this research

MAD

1© ethe sum of the absolute value of the
difference between the gray value in the

corresponding position of the subgraph, and
then the average is found.

2© The idea is easy to understand. The
calculation process is simple, and the matching

accuracy is high.

1© Large amount of
computation.

2© Very sensitive to noise.

The noise of the agricultural
machinery operating

environment is really heavy.

SSDA
Some pixels of the subgraph participate in the

calculation, but not all pixels, which greatly
improves the algorithm speed.

Part, instead of all, the
precision is slightly

reduced.
Strict precision is required.

Improved
search

algorithms

An improved model considering positioning
error and calculation time is proposed

The use environment is
high, especially the

embedded flatness of the
magnet. The excessive

inclination will affect the
judgment heavily.

In the cost, accuracy, and
process time, the proposed
method showed a strong

advance

5.3. Accurate Positioning Model Based on Magnetic Field Matching

Magnetic field matching of a single-sided ground cylindrical permanent magnet was
achieved in Section 3, however, this method could only achieve the positioning of the
agricultural mobile robot and the central position of the array detection, as shown in
Figure 14.
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As shown in Figure 14, the distance between the magnetic field center and the array
detection center could be achieved by using the array linear Hall element. According to
the data acquisition value of the array linear Hall element and the moving direction of the
machine, the angular position relationship between the magnetic field center and the array
detection center could be known.

Since the agricultural mobile robot may have a certain body angle deviation error
during operation, it was impossible to correct the entire body angle only by using a
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single side magnetic field matching model. So, it was necessary to establish an accurate
positioning method based on the magnetic field matching model.

To implement this accurate positioning algorithm, a magnetic field matching model
needed to be performed on both sides of the robot to obtain two offset data, which were
divided into d1 and d2, which are directional, as shown in Figure 15.
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As shown in Figure 15, the magnetic field matching results were d1 and d2, respectively,
and the interval between two magnetic field detection units was L. The results d1 and
d2, which were obtained in Section 4.2, were located on the left and right sides of the
agricultural mobile robot. Meanwhile, depending on the angular position relationship
between the magnetic field center and the array detection center as shown in Figure 14,
the symmetric solution as shown in Figure 15 could be excluded. The one whole offset
angle was based on the difference between this line segment and the angle between the
parallel positions. The offset angle θ between the agricultural mobile robot and the parallel
positions at this time can be calculated as:

θ = 2arcsin

∣∣∣∣→d 1 +
→
d 2

∣∣∣∣
2L

(31)

Using the magnetic field-based matching model and Equation (31), the maximum
angular error ∆θ about the positioning error ∆x can be calculated as:

∆θ = 2arcsin
2∆x
2L

(32)

6. Accurate Positioning Result Analysis

The magnetic positioning device diagram and the setups can be tracked in Figure 1.
The linear Hall element in the data acquisition module was used to collect the magnetic field
value of the cylindrical permanent magnet at different positions, separately performed data
acquisition, and determined acquisition location for multiple randomly selected locations.
The hardware platform parameters used are shown in Table 6.

Table 6. Software test hardware platform parameter table.

System Modules System Configuration

operating system Windows 10

Development tools PyCharm 2020

Development language Python3.6

RAM 16 G

CPU Intel® Core™ i7-1260P 2.1 GHz
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On the hardware platform, as shown in Table 5, the matching accuracy and the time
spent on the matching algorithm were counted by using the MAD algorithm, the SSDA
algorithm, and the improved search algorithm, respectively. The results are in Table 7.
Among them, the MAD was used to calculate the error between the search graph and
the template graph, through the scan of the whole search graph, and finally the accurate
positioning position could be obtained. The SSDA was similar to the MAD, however, when
the calculation error exceeded a certain threshold, the calculation process would be stopped
and the next position would be matched. The improved search algorithm was based on the
characteristics of the magnetic field changes of the cylindrical permanent magnet, using a
similar way to gradient descent. It showed a strong relationship with low position error
and short calculated time.

Table 7. Magnetic field matching results.

Method Average Error (mm) Average Time (ms)

MAD algorithm 0.365 105.81

SSDA algorithm 2.671 16.56

Improved search algorithms 0.89 2.07

As the driving speed was related to the magnet arrangement density, the key position
error of the agricultural robot designed in this paper needed to be within 2 mm. The
normal plane driving speed was designed to be about 0.3 m/s, which needed to be reduced
to 0.05 m/s when approaching the key position, and the speed was adjusted to change
the distance between the robot’s location and the key target position according to the
environmental conditions of the facility. From Table 6, the original MAD algorithm had
the best average error (0.365) in the ground magnetic field search with noise, however, the
optimal value could only be obtained after completing a global search, so the running time
was the longest (105 ms). Based on the MAD algorithm, the SSDA algorithm restricted
a single subgraph search to a large extent. By setting the threshold value, the SSDA
algorithm could quickly eliminate the position of unmatched subgraphs. However, due
to the randomness of its threshold setting and the great impact on noise, the average
running time of this algorithm was nearly seven times faster than that of MAD algorithm.
The average error value of the SSDA algorithm was 2.671 mm, which did not meet the
requirements of this paper for accurate positioning. The improved search algorithm based
on the ground magnetic field in this paper could quickly move to the target position by
searching down from the peak value of the magnetic field. The average error of this method
was larger than that of the conventional MAD algorithm, however, the average error was
within 1 mm, meeting the system design requirements, and the running time was nearly
50 times higher than that of the conventional MAD algorithm.

The agricultural mobile robot used in the experiment applied an improved search
algorithm to achieve accurate positioning technology, which could achieve a magnetic
field positioning error with an average error of 1 mm in a calculation time of 2 ms and
could be offset by the Equation (31) computer body, and the value in Equation (28) was
40 mm. According to both sides of the array magnetic field detection device, it achieved the
positioning distance error of ± 1 mm at the key position, the body angle error of ±0.02◦,
and met the unmanned harvesting system of facility vegetables cavity plate positioning
accuracy requirements.

7. Conclusions

In this paper, the analytical model of the magnetic field of the cylindrical permanent
magnet, which was embedded on the ground at the key position of the agricultural mobile
robot was derived, and the results of the theoretical derivation were verified by combining
the finite element simulation and the field measurement. In order to reduce the error
between the analytical solution of the magnetic field and the field measurement value,
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the analytical model of the magnetic field was modified. Then, the magnetic field value
of the ground cylindrical permanent magnet collected by the array linear Hall element
magnetic field detection device was used and the position relationship model between
the ground cylindrical permanent magnet center and the array magnetic field detection
center was established using the magnetic field matching search algorithm. The array
magnetic field detection device on both sides of the agricultural mobile robot was used
to achieve the precise positioning function of key positions, with a positioning error of
± 1 mm, which meets the positioning accuracy requirements of the agricultural mobile
robot. The contribution of this research can be summarized as below.

First, by improving the search algorithm (see Sections 3 and 4), the position analysis
on the magnetic force was conducted, and a high-precision and low-cost facility location
method was obtained (compared with the existing infrared, ultrasonic, Bluetooth, and
some other positioning technologies).

Regarding cost, this study mainly used the planned path to bury the cylindrical
magnets and carried out the landfill according to a certain gap and density. By running in a
straight line, lying sparsely, and being arranged densely at key positions, the consumption
of magnets was reduced, and the costs could be reduced.

Regarding accuracy and time, compared with the MAD and SSDA, the improved
search algorithm was more advanced both in position accuracy and time calculation. As
shown in Table 4, the computational efficiency was improved by at least eight times.

In addition, this study can cooperate with the high-precision actuator on the moving
platform, such as an intelligent picking robot and transplanting manipulator, etc., which
can assist the actuator.
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