Mechanical

Open Access

Ying Lin!, Qian Chen', Haijun Zhang', Ye Ma', Wenlian Zeng', Guojun Wei?, Hongxiang Wang?, and
Maohua Xiao!

ICollege of Engineering, Nanjing Agricultural University, Nanjing 210031, China
2Jiangsu Agricultural Machinery Test and Appraisal Station, Nanjing 210017, China
3College of Digital Equipment, Jiangsu Vocational and Technical College of Electronics and Information,
Huaian 223003, China

Haijun Zhang (zhhj@njau.edu.cn) and Maohua Xiao (xiaomaohua@njau.edu.cn)

Received: 15 August 2021 — Revised: 7 December 2021 — Accepted: 8 January 2022 — Published: 17 March 2022

A positioning system for ultra-wideband (UWB) electric micro-tillers suitable for complex green-
house environments was designed as the basis for realizing unmanned micro-tillers to address the problem of
the frequent safety accidents of existing micro-tillers. First, the positioning base station and tag were designed
on the basis of the STM32 and DW1000 chip hardware. The real-time coordinate display of the micro-tiller
in the greenhouse could also be realized with the design of the upper computer software. Then, the realization
method of the positioning function, including the analysis of time difference of arrival (TDOA) and two-way
ranging (TWR) positioning methods, and the selection of the best Taylor positioning algorithm through a MAT-
LAB simulation were studied to reduce the influence of noise and measurement errors on measurement accuracy.
Finally, a positioning system accuracy test was conducted. Test results revealed that the maximum positioning
error of the micro-tiller positioning system is no more than 6 cm, and the average error is 4.4 cm. The optimized
positioning error is reduced by 10.2 %, considering that the influence of the base station location on the accu-
racy. The positioning system of the greenhouse electric micro-tiller designed in this paper demonstrates a stable
performance and positioning accuracy to meet the needs of greenhouse rotary tillage operations. This system
has certain theoretical importance and reference value for the development of precise positioning technology for

working tools in the greenhouse and the further realization of unmanned rotary tillage operations.

The miniature rotary tiller can be used for rotary tillage in
small, scattered fields and greenhouses, which not only im-
proves the mechanization level of facility agriculture but also
substantially reduces the labour intensity of farmers (Du et
al., 2019). Most of the existing micro-tillers rely on close-
range manual operation, and the operators encounter fre-
quent safety accidents due to long-term direct contact with
the rotary tillage machinery and tremor fatigue (Zeng et al.,
2020; Zhao et al., 2016). In recent years, with the applica-
tion and development of unmanned driving technology, re-
mote unmanned rotary tillage operations in greenhouses have
become a breakthrough to solve the above-mentioned mini-
tiller safety problems (Chen et al., 2015; Zhang et al., 2021).

Unmanned rotary tillage operations can be realized
through the combination of the ultra-wideband (UWB) po-
sitioning system and mature remote control technology (Yao
et al., 2020). The global positioning system (GPS) is cur-
rently the most commonly used positioning system. Luo
et al. (2009) developed an automatic navigation system for
agricultural machinery based on a GPS that can achieve
centimetre-level accuracy. Guo et al. (2013) designed an au-
tomatic operation control system for rice transplanter based
on a GPS navigation system, which substantially reduced
the speed control error. However, GPS is susceptible to fac-
tors, such as clouds and ground obstacles and weather, and
is unsuitable for sheltered greenhouse environments. Ding et
al. (2017) designed the motion controller of the BeiDou po-



sitioning field information acquisition platform, with three
low-precision BeiDou positioning modules, and performed
data fusion to obtain a positioning accuracy higher than that
of a single-module car body. However, the cost of this plat-
form is too high to be suitable for large-scale agricultural
production promotion. Li et al. (2013) studied a positioning
algorithm based on omnidirectional vision sensors, with an
accuracy of approximately 15 cm. However, the accuracy and
stability of the machine’s vision positioning are considerably
affected by environmental factors, such as weather and light.

Other indoor positioning technologies have emerged in re-
cent years, including Bluetooth, Wi-Fi, Zigbee, ultrasound,
and ultra-wideband (UWB). The Wi-Fi-based positioning
technology has good anti-interference and penetration capa-
bilities, but its accuracy only reaches a metre level. The posi-
tioning technology based on Bluetooth and Zigbee has poor
anti-interference capability, and the accuracy can only reach
a decimetre level. The theoretical positioning accuracy based
on ultrasonic technology can reach a centimetre level, but
its penetrating power is weak, and the sound wave energy
is easily attenuated. Thus, this approach is also unsuitable
for precise positioning in a complex environment in a green-
house (Liu et al., 2022). UWB positioning technology has
the advantages of high accuracy, low energy consumption,
stable performance, simple design, low cost, convenient net-
work node layout, and the absence of harsh requirements on
the site environment. Thus, this technology is suitable for use
in indoor environments, such as the greenhouse (Emadian et
al., 2018; Guo, 2020).

Overall, UWB technology has advantages over other tech-
nologies, considering precise positioning in a greenhouse en-
vironment. This paper will focus on the design of the po-
sitioning system of the electric micro-tiller based on UWB
in the complex greenhouse environment. First, the overall
scheme of the system based on UWB technology and the
design of software and hardware are comprehensively intro-
duced. Then, the realization of the positioning function of
the system is studied. The time difference of arrival (TDOA)
and two-way ranging (TWR) positioning methods are com-
pared and analysed, and the Taylor algorithm is selected to
further improve the positioning accuracy. Finally, the posi-
tioning system accuracy test is conducted. This test reveals
that the positioning system of the micro-tiller has stable per-
formance and high positioning accuracy, which can meet the
needs of greenhouse rotary tillage operations. This paper has
certain theoretical significance and reference value for the
development of remote unmanned operation technology in
the greenhouse.

The greenhouse electric micro-tiller positioning system
based on UWB positioning technology mainly comprises
three parts, i.e. the positioning base station, the positioning,
tag and the PC terminal (Arunjith et al., 2021). Wireless com-
munication is used between the positioning tag and base sta-
tion, and USB communication is used between the position-
ing base station and the PC. The hardware block diagram of
the positioning system is shown in Fig. 1.

The positioning label, which is installed on the electric
micro-tiller, is powered by the USB/5V interface (Wei et al.,
2021a). The positioning base station is arranged at a fixed in-
door location, generally divided into master and slave base
stations. The main base station is connected to the PC via a
USB data cable, and the rest of the slave base stations use
UWB communication to transmit data to the main base sta-
tion. The main base station then transmits the positioning dis-
tance data to the PC software. Focusing on the actual data
collection requirements is necessary when arranging the po-
sitioning base station. However, the location of the position-
ing tag should always remain within the range comprising
the positioning base station connections to ensure the accu-
racy of the positioning result (Bansal, 2021; Tian, 2019). The
placement of the positioning tag at the edge or outside of the
connection area of the base station will lead to poor position-
ing accuracy or location failure. The hardware block diagram
of the positioning system is shown in Fig. 2.

The hardware design of the positioning system is mainly the
design of the positioning module. Positioning systems gen-
erally use a two-way communication UWB. The base sta-
tion and the tag must transmit and receive wireless pulse
communication signals. Therefore, the hardware designs of
the base station and the tag are similar and can be switched
through USB and USART commands. The control mod-
ule of the positioning system in this paper is an ARM-
based STM32F103C8T6 microcontroller. The peripheral cir-
cuit also includes a DW 1000 chip of Decawave, a power sup-
ply circuit, a LED indicator module, and USB and USART
communication. The physical map of the positioning module
is shown in Fig. 3.

Control module. As the core of the positioning system
hardware platform, the STM32 main control module plays
a crucial role in ensuring the stable performance of the po-
sitioning base station and tag. The STM32f103 chip uses a
high-performance ARM Cortex-M3 32-bit RISC (reduced
instruction set computer) core with a maximum operating
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Figure 2. Hardware block diagram of the positioning system.
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Figure 3. Positioning module development board. 1 — DW1000
chip; 2, 3 - DW1000-RX LED indicator (blue); 4 — status indica-
tor (yellow); 5 — power indicator (red); 6 — power module; 7 — USB
communication interface; 8 — ST-LINK download interface; 9 — US-
ART serial communication; 10 — MCU (microcontroller unit) chip.
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frequency of 72MHz and built-in high-speed memory. It
combines high performance, real-time, digital signal pro-
cessing, low power consumption, and low voltage, while
maintaining high integration and ease of development. This
paper uses the STM32F103C8T6 chip as the main control
chip for positioning the base stations and tags, which col-
lects and converts the signal data of the DWM1000 module
into time information (Mihaldinec and Dzapo, 2020).

Communication module. The STM32 main control mod-
ule communicates with the DWM 1000 module through a se-
rial peripheral interface (SPI) and transmits ranging and po-
sitioning information to the upper computer through the USB
serial port.

UWB signal transceiver module. This system uses the
DWI1000 module, whose main function is to receive or
send UWB pulse signals and transmit the data to the
STM32 main control module for processing through the
SPI interface. The DW 1000 chip is a complementary metal-
oxide-semiconductor (CMOS)-based low-power wireless-
transceiver-integrated circuit that follows the UWB standard

Mech. Sci., 13, 225-237, 2022



Positioning module development board. Note: PCB —
printed circuit board.

Category Parameter
Working frequency 3.5-6.5GHz
Communication distance <200m
Antenna design External / PCB antenna
Communication rate 110K/6.8M
Single positioning 28 ms (110Kb) / 10 ms(6.8 M)
Base station size 50 x 26 mm

in the 802.15.4-2011 protocol. The module contains an an-
tenna, a wireless communication module, and related cir-
cuits. The module includes a 38.4 MHz onboard reference
crystal oscillator. The initialization frequency error can be
reduced to approximately 2 ppm (parts per million) by em-
bedding the crystal oscillator in the product. The schematic
of the module connection is shown in Fig. 4.

Other relevant parameters for positioning the base stations
and tags are shown in Table 1.

The host computer software is developed by using QT 5.7.0
MinGW, and the programming language is C++. QT is
a cross-platform C+4+ graphical user interface application
development framework developed by Qiqu Technology
in 1991.

The micro-tillage machine positioning system is designed
to realize the precise positioning of remote rotary tillage in
the greenhouse environment. The host computer software
supports the USB communication function, which can real-
ize the stable USB data transmission between the main posi-
tioning base station and the PC. The host computer software
can display the location of the positioning tag in real-time
after processing the positioning data, achieving the visual-
ization purpose of the positioning system. On this basis, the
host computer also supports background image import and
inputs indoor maps into the host computer display interface.
Thus, automatic positioning and remote control technologies
can be effectively integrated to ensure the reliability of re-
mote unmanned driving on the greenhouse electric micro-
tiller. The most important function of the host computer is
the position calculation of the positioning tag. The position
calculation process is shown in Fig. 5.

UWB technology mainly uses time difference of ar-
rival (TDOA) and two-way ranging (TWR), which are two
positioning methods for the locating task, and these position-

ing methods have their advantages and disadvantages (Xue
et al., 2021; Zhang, 2021). The following is a comparative
analysis of the two methods.

The time-of-arrival (TOA) method positioning accuracy is
acceptable, but this positioning method requires clock syn-
chronization between the positioning tag and base station.
The TOA positioning method is less used in UWB position-
ing because it is difficult to achieve in reality (Mosleh et al.,
2021).

The TDOA positioning method can also be called the
hyperbolic positioning method, which finds the positioning
coordinates by identifying the hyperbolic intersection point
(Chen, 2020). The pulse signal sent by the positioning tag
arrives at each positioning base station at different times.
The distance between the tag and the base station is equal
to the time difference multiplied by the constant speed of
light c. TDOA only requires base station clock synchroniza-
tion, which is easy to implement in actual situations; thus, the
TDOA positioning method is often used in UWB positioning
technology. The principle diagram of the TDOA positioning
method is shown in Fig. 6 (Fujii et al., 2015).

The coordinates of the positioning base stations A0, Al,
and A2 and those of the positioning tag T1 are respectively
assumed as (xg, yo), (x1, y1), (x2, ¥2), and (x, y). The time
difference #¢ and the distance difference dj( from the posi-
tioning tag to the base stations A0 and Al can be obtained
sequentially. The definition of the hyperbola indicates that a
set of hyperbolic equations can be obtained by focusing on
A0 and Al. Similarly, another set of hyperbolic equations
with AO and A2 as the focus and the distance difference d»g
can be obtained. The following equations are obtained in ac-
cordance with the above analysis:

\/(Xl — )"+ (1 —y)° —\/(Xo —x)”+(yo—y)* =dio
\/(Xz —x)’+ -y’ —\/(Xo —x)*+(yo— )’ =do

)]

The positioning label coordinates can be solved by Eq. (1).
The above solution process reveals that the TDOA position-
ing method does not need to consider the time synchroniza-
tion of the positioning tag with the positioning base station.
Clock synchronization is easily achieved in actual situations
through the positioning base station. Thus, calculating the
time difference between the tag and the two base stations is
convenient, which is consistent with the actual positioning
situation (Wei et al., 2021Db).

The two-way ranging method (TWR) is a UWB ranging
method based on TOA, which measures the distance based
on the round-trip flight time of the pulse signal between the
base station and the tag (Sheng, 2020). Base station A0 sends
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the distance from tag T1 to base station A0, and ¢ denotes
the speed of light.

The two-way ranging method does not need to consider
the clock synchronization between the base station and the
Y (m) tag and can avoid the ranging error caused by a time drift to
a certain extent to improve the ranging accuracy effectively.

PC software flow chart of calculating.

Considering accuracy, UWB technology can achieve target
carrier positioning indoors and outdoors, with an accuracy of
less than 30cm. TDOA and TWR positioning methods can
achieve this accuracy.

The positioning terminal of the TDOA positioning method
uses a small amount of time to send a pulse message consid-
ering the deployment of positioning base stations. Thus, a
large number of positioning terminals can transmit signals
within the frame rate, and the number of positioning base
stations is relatively small. The positioning base station of
the TWR positioning method is divided into the master and
X (m) slave base stations. One master base station corresponds to
four slave base stations, which is difficult to deploy.

Considering the scalability of the positioning area, the
TWR positioning method requires all the slave positioning
base stations in the system to communicate with the master

Schematic of TDOA positioning method.
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positioning base station directly, which then limits the size of
the positioning area. In comparison, the TDOA positioning
method can add positioning base stations to the system with-
out changing the system or settings. Moreover, this method
has improved the scalability and is suitable for the precise
positioning of greenhouses.

The TDOA positioning method, considering standby per-
formance, only needs pulse signals to realize the position-
ing of the carrier tag and does not need to send and receive
pulse signals multiple times continuously, thereby effectively
extending the standby time. However, the TWR positioning
method requires the tag to send and receive signals from
the positioning base station multiple times. Base stations and
tags are mostly powered by batteries. The TDOA positioning
method is suitable for efficient positioning in a greenhouse
environment.

For ease of use, only the location of the positioning base
station must be measured, and the code assigned to the po-
sitioning base station is marked when adding a positioning
base station to the positioning system based on the TDOA
method. The positioning system based on the TWR position-
ing method must modify the positioning system algorithm
on the server when adding additional positioning base sta-
tions or positioning tags. The operation process requires high
technical requirements and is cumbersome.

This paper compares the two methods of TDOA and TWR,
as shown in Table 2, to enable readers to understand these
methods.

Overall, the TWR positioning method has low require-
ments for clock synchronization and precise positioning but
consumes relatively large power and has poor scalability and
ease of use. The TDOA positioning method has strong advan-
tages considering scalability and standby performance layout
efficiency. Therefore, the prototype adopts a reasonable and

Comparison of TDOA and TWR.

Performance TDOA  TWR
Positioning accuracy <30cm  <30cm
Difficulty of layout Simple  Harder
Scalability Better General
Standby capacity Better General
Ease of use Better General

convenient TDOA positioning method according to the posi-
tioning requirements of the greenhouse environment.

The above analysis reveals that the TDOA positioning
method in the greenhouse has considerable advantages. The
micro-tiller positioning system designed in this paper adopts
the TDOA positioning method. The actual measured TDOA
value is inexact in actual situations due to the influence of
noise and measurement errors. Multiple solutions will be
provided to the equations, and relevant positioning algo-
rithms must be used to correct the errors. The positioning ac-
curacy can be improved by using algorithms to produce close
processed points to the real points. Commonly used position-
ing algorithms include those of Chan, Fang, and Taylor.

The Chan algorithm is a solution method of non-recursive
hyperbolic equations with analytical expression solutions.
This algorithm has low complexity and can be quickly
solved. Precise positioning can be achieved when the noise



conforms to the Gaussian distribution. The positioning accu-
racy will be improved after adding base stations when using
the Chan algorithm, and at least three base stations are re-
quired to participate in the work to achieve positioning (Lu
etal., 2015).

Suppose the coordinates of the base stations BS1, BS2,
and BS3 are, respectively, (X1, Y1), (X2, Y2), and (X3, Y3),
and the coordinates of the tag are (x,y). Multiple pairs of
solutions to the equations are available when the number
of base stations exceeds three. The weighted least squares
method is generally used in this case, and the equations are
as follows:

R} +2Ry Ry = Ky —2X,1x —2Y21y — K|

R§,1~|—2R3‘1R1=K3—2X3’1x—2Y3’1y—K1 3

R +2Ri 1Ry = K; —2X;1x —2Y; 1y — K|

where R; 1 is the propagation distance difference between
base station BSi and base station BS1. X; ; is the difference
between base station BSi and base station BS1 in the x di-
rection. Y; 1 denotes the difference between base station BSi
and base station BS1 in the y direction. R; is the distance be-
tween base station BSi and the tag. i depends on the number
of base stations, and K; = X 12 + Yiz. The matrix representa-
tion is as follows:

GZ-h=0,

where, in the following:

[ X201 Y21 Ra
X31 Y31 Rs
G= . . . 9
Xi1 Yi1 R
B X
Z=|y , and
- Rl
K> — Ky —R;
K3 — Ky —R3,
h= A (4)
K; — K| — R?

From the weighted least squares theory, the value of Z is as
follows:

Zwis = (GT¥ Th)~"1Ggw T,
where W = C2BQB, B = diag(R|, R2, K, R;). (5)

Q is the covariance matrix of the measurement error, and c is
the speed of light. The estimated value of Z can be obtained,
as shown below, when the distance between the tag and the
base station is relatively long.

Z=[xy.R] ~ (GTQ_IG)_IGQ_I. 6)

The result is initially solved by the long-distance algorithm
when the MS (mobile station) approaches the BS, and then
the distance between the tag and the base station is estimated.
The estimated values of B and ¥ are determined, and Eq. (5)
is used to find the Z value. If each element in Z is indepen-
dent of the other, then the above calculation result can be
used as the positioning result.

The Fang algorithm is a solution method that can linearize
the hyperbolic equations, and the solution of the linearized
equation is the coordinates of the positioning tag. The algo-
rithm is simple in principle and convenient for calculation.
Only three base stations can be used for the two-dimensional
positioning of the positioning tag because the Fang algorithm
cannot improve the positioning accuracy by increasing the
number of deployed base stations (Chen, 2017).

The expression of the distance between the base station
and the tag is as follows:

Ri = J(X; = x) + (¥ — y). ™

Let R; j and #; ; be the distance and time difference between
the positioning tag and the reference base stations i and j,
respectively, and then the following can be obtained:

Ri,j=Ri—Rj=ct, (®)

where c is the speed of light. By taking j, which is equal to 1
in Eq. (8), the following is obtained:

Rij =/ (Xi =0+ (i =y = (X1 =02+ (i = 2. 9)

The coordinates of base stations BS1 and BS2 are generally
set to (0, 0) and (0, X7), respectively, in the actual positioning
to simplify the calculation.

Herein, the specific process in the middle is ignored. The
literature is used as a reference to obtain the solution of x,
and then the value of y is acquired. x and y are the coordi-
nates of the label.

The Taylor series method is a recursive algorithm that de-
termines the initial estimated position. The iterative value of
this operation is obtained by solving the local least squares
solution of the TDOA measurement error. The result of this
time is used as the initial value of the next calculation, and the
estimated value of the mobile station to be positioned is con-
stantly revised, gradually approaching its real position coor-
dinates.



Suppose the real coordinates of the label MS are (x, y), the
coordinates calculated by the positioning algorithm are (xo,
y0), and the two directional errors are Ax and Ay, respec-
tively. Then, in the following:

X =Xx0+ Ax

10
{ y=yo+Ay (19)

The Taylor series is as follows:

Rit = Ri— R =/ (X; — P+ (¥ — )?

~J X =Py,

which is expanded, as follows: (xq, yo):

Rit =/ (Xi — 30 + (¥; — yo)?

— X =0 + (1 — o7

X1—x0 Xi—x0
— A
+< Ry R; ) *

YiI—y Yi—xo
— A T=R; —R
+< Rl Ri y+ i 1

X — X —
L (XX Ximxo\ o
R R;

Y1 —yo
+( N

Yi —xo
Ay+T, (1)
R;

where T is the remainder of Taylor expansion. Let x =
X0+ Ax,y = yp+ Ay in each recursion. The above calcu-
lation steps are repeated until v/ Ax2 + Ay? is less than a set
threshold, and (xo, yo) is taken before the iteration as the co-
ordinate estimation value.

The following simulation experiments are performed on the
Fang, Chan, and Taylor algorithms with MATLAB to anal-
yse their positioning performance. The simulation environ-
ment is as follows: the coordinates of the base station are
BS1(0,0), BS2(0,6000), BS3(6000,6000), and BS4(6000,0),
and the coordinate unit is millimetres.

This article mainly analyses the single-point positioning
of the three algorithms and simulates them in the Gaussian
noise environment. The literature by Jiang (2016) indicates
that the number of base stations is set to four due to the poor
performance when the number of participating base stations
is three. The same random measurement error is added at the
randomly generated tag coordinate MS, and the TDOA mea-
surement error is assumed to obey a Gaussian distribution
with zero mean.

The simulation results are shown below. Figure 8 demon-
strates the positioning performance comparison of the Chan,

Taylor, and Fang algorithms at several randomly generated
label coordinates under Gaussian white noise environment
and when the standard deviation of TDOA is 0.05, 0.1, 0.15,
0.2, and 0.25 ps.

Figure 8 shows that the Taylor algorithm under the same
standard deviation of the measurement error always has the
smallest positioning error (that is, the best performance)
when the number of base stations in a Gaussian noise en-
vironment is four. The Chan algorithm is second, followed
by the Fang algorithm with the worst performance. There-
fore, this paper chooses the Taylor algorithm as the reference
positioning algorithm for software development.

Referring to the literature by Song (2020), the Fang and Chan
algorithms can meet the premise of using the Taylor algo-
rithm to provide an initial value. The above MATLAB simu-
lation experiment revealed that the Fang algorithm has poor
positioning accuracy; thus, this paper chooses the result of
the Chan algorithm to provide the iterative initial value for
the Taylor algorithm (Chen et al., 2011). After obtaining the
TDOA measurement value and base station coordinates, the
calculation process of the upper computer software position-
ing algorithm in this intelligent electric micro-tiller position-
ing system is shown in Fig. 9.

Test design and data acquisition are conducted to identify the
positioning accuracy of the UWB positioning system. Us-
ing the method of fixed-coordinate experiment, the 6 x 6 m
square flat ground, comprising multiple 60 x 60 cm standard
floor tiles on the first floor of the Boyuan Building, Pukou
Campus of Nanjing Agricultural University, is chosen as the
test site, which can simulate the indoor positioning environ-
ment to a certain extent. The square field is then divided into
100 squares with a side length of 60cm, according to the
standard floor tile shape. The four positioning base stations
are arranged at the four corners of the square test field, and
their positions remain unchanged. The coordinates are (0,0),
(0,6), (6,6), and (6,0). The positioning labels are stably ar-
ranged on the 20 optional grid vertices. The coordinate points
Z1,72),23, 24, ..., 2y taken herein are (1.2, 1.2), (1.8, 1.8),
(2.4, 24), (3, 3), (3.6, 3.6), (4.2, 4.2), (4.8, 4.8), (1.2, 1.8),
(1.2,2.4), (1.2, 3), (1.2,3.6), (1.2, 4.2), (1.2, 4.8), (2.4, 3),
(2.4,3.6), (24, 4.2), (2.4,4.8), (3, 3.6), (3, 4.2), and (3,4.8),
respectively, to facilitate data sorting. First, we establish the
coordinate axes. Then, the upper computer collects the co-
ordinate values on the x and y axes of the positioning label
multiple times and calculates the measured average value of
each coordinate. Finally, the error values of the coordinates
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are counted after comparing and analysing with the actual
coordinates of the x and y axes, and the test scene is shown
in Fig. 10. In Fig. 10, the red and green circles are the four
positioning base stations and the positioning labels, respec-
tively.

Figure 11 is the x-axis and y-axis coordinate values of
20 known coordinate points displayed on the host computer
software using the fixed-point coordinate method. Compared
with the actual coordinate value, the coordinate measurement
value is slightly lower than the actual value. Comparing the
measured with the actual value, the maximum positioning
error does not exceed 7 cm, and the average error is 4.9 cm,
which is insufficiently good.

Experimental analysis revealed that the deviation between
the measured value of the upper computer and the actual
value is large when the positioning tag is located at the fol-
lowing seven coordinate points: (1.2, 1.2), (1.8, 1.8), (4.2,
4.2),(4.8,4.8), (1.2, 1.8), (1.2, 4.2), and (1.2, 4.8). Referring
to the existing literature to distinguish the signal method (Y.
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Figure 10. Positioning accuracy test.
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Figure 11. Actual and measured values of the fixed-point coordinate test.

Chen et al., 2020; Chen et al., 2021), multiple pulse signal
waves and their reflection overlapping pulse signal waves in-
terfere with each other at this time due to the closeness of
the positioning tag to the positioning base station. Thus, the
positioning tag is used as a pulse signal receiver to synthe-
size the direct pulse and reflected signals into a complex and
unstable pulse signal wave, which causes considerable fluc-
tuation and low accuracy of the coordinate value measured
by the host computer. The seven aforementioned problems
of inaccurate positioning of the coordinates close to the base
station are generated.

Figure 12 is a line graph of measurement error. The x-axis
error, y-axis error, and coordinate deviation values in the fig-
ure generally show a fluctuating trend, and the coordinate
deviation value is obtained following the formula. Therefore,
the coordinate deviation value varies with the fluctuation in

Mech. Sci., 13, 225-237, 2022

the x-axis and y-axis error values. Amongst these values, the
coordinate deviation values at Z; (1.2, 1.2), Z7 (4.8,4.8), Z13
(1.2,4.8), Z17 (2.4,4.8), and Zy (3, 4.8) are at a sharp point,
and the coordinate deviation values near the sharp point are
all larger than 0.05 m. The points near the cusp are affected
by the multipath effect due to their closeness to the base sta-
tion, which leads to large x-axis and y-axis errors and co-
ordinate deviation values directly affecting the overall posi-
tioning accuracy of the positioning system (Lin et al., 2018;
Wei et al., 2021c¢).

Therefore, this test discards the point close to the position-
ing base station and re-evaluates the positioning accuracy of
the positioning system. The analysis shows that the maxi-
mum positioning error at this time is no more than 6 cm,
and the average error is 4.4 cm, which reduces the error by
10.2 % compared with the previous one, and the positioning

https://doi.org/10.5194/ms-13-225-2022
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accuracy is high. Therefore, the location of the base stations
should be emphasized when arranging positioning base sta-
tions in a greenhouse to avoid or reduce the impact of multi-
path effects on positioning accuracy.

1. This paper designs a positioning system suit-
able for greenhouse electric micro-tillers using a
STM32F103C8T6 chip as the main control chip for
positioning base stations and tags, based on UWB tech-
nology, to address the current frequent safety accidents
of micro-tillers in greenhouses. The unmanned rotary
tillage operation is realized through the cooperation
of remote location visualization and wireless remote
control technology. The positioning system has the
advantages of stable positioning and high accuracy and
has certain scientific value for the research of precise
positioning technology in the existing greenhouse.

2. This paper comprehensively analyses two widely used
wireless positioning methods, namely TDOA and TWR,
by examining and selecting the suitable TDOA position-
ing method for the greenhouse environment from five
aspects, i.e. positioning accuracy, layout difficulty, scal-
ability, standby capability, and ease of use. The opti-
mization effects of the Fang, Chan, and Taylor position-
ing algorithms are simultaneously compared under the
same standard deviation of the measurement error, and
MATLAB is used for the simulation. Finally, the Taylor
algorithm demonstrated the best performance. The rea-
sonable choice of the positioning method and algorithm
directly affects the positioning accuracy.

3. The accuracy test results of the positioning system show
that the maximum positioning error does not exceed

6 cm, and the average error is 4.4 cm. This finding in-
dicates the high positioning accuracy of the greenhouse
electric micro-tiller positioning system designed in this
paper based on UWB technology, the TDOA method,
and the Taylor algorithm. The positioning accuracy is
improved after discarding the data points close to the
base station, and the positioning error is reduced by
10.2 %. Thus, attention should be provided to the place-
ment of base stations when locating base stations in a
greenhouse to avoid or reduce the impact of multipath
effects on positioning accuracy.

All the data used in this paper can be
obtained on request from the corresponding author.
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