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ABSTRACT

In rice planting technology, the planting depth of seedlings has high requirements for transplanters,
which directly determines the survival rate and tillering effect of seedlings. Aiming at the problems of low
automation degree and low working efficiency of rice transplanter, the rice transplanter is designed under WSN
(Wireless Sensor Network) technology, and its electric control system is optimized and analysed. In this paper,
in order to optimize the overall working performance of the electronic control mechanism system of adjustable
width and narrow row high-speed rice transplanter, the discipline analysis of the electronic control mechanism
system is carried out based on WSN (Wireless Sensor Network) technology. Combined with the working
characteristics of electronic control mechanism and the influence index of design parameters, the
multidisciplinary design optimization framework of electronic control mechanism is established, and the
optimization objectives, design variables and constraints at system level and discipline level are determined,
and the multidisciplinary design optimization mathematical model of electronic control mechanism is
constructed. Finally, the optimization results are analysed. The results show that the optimized design variable
value can significantly improve the overall working performance of the adjusting mechanism of the electronic
control system.

WE

EKFTFETER T, B T IR ATIRSEXT TGP TR E T B, E T RGE & BT 19/ FE R BERR .
XK BTGB S0 FESEA B LIERCF AT, 77 WSN R PR BT T 5, T
FRAHIT M I KT 7T 1R 55 17 B K A BB 450 DL 5 G B LA F M BER L H 1. 5
7-WSN(Wireless Sensor Network) #ZAXS 7 1 TIHLH F 01T T F R 456 Bl TPLIH LR
R i} ZEIEITEE, E T I TP Z FZ R i L RER, GE T RGRRFFIRIIEN H bR & 1T
B FILIRFNE, FIEH R TP Z F R R F T . IG5 01T 7907, 5 RE .
AT 5% 11 2 e (E757 75 3 000 T PLI T BE L 1 R 78

INTRODUCTION

China has a vast territory and the largest rice planting area in the world, with an area of about 27
million hectares. The rice planting area in China has a very large span, and there are many types and varieties
of rice. The development type of rice transplanting technology determines the development mode of rice
transplanting mechanization (Chaitanya D.N.V. et al., 2018; Feng X.T. et al., 2018). Wide-narrow row rice
planting mode promoted in recent years is a direct embodiment of the idea of combining transplanting density.
Wide-narrow row rice planting is a new planting mode put forward by agricultural researchers in China.
Practical research shows that this planting mode can effectively improve the ventilation and light transmission
characteristics and photosynthesis of rice, reduce the humidity between plants, effectively reduce the
occurrence of rice diseases and insect pests, and is beneficial to the later field management, prevent lodging
and increase the yield per unit area (He J. et al., 2020).

With the promotion and popularization of agricultural mechanization, the proportion of mechanized rice
transplanting has been increasing, and the transplanter industry in China is also developing rapidly (Jiangtao
J. et al., 2020). The front wheel positioning parameters of rice transplanter are important performance
parameters of the steering system of rice transplanter.
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Whether these parameters are designed reasonably or not is directly related to the steering
performance of rice transplanter and the whole vehicle. For example, the reversibility of vehicles, the stability
of straight running, the stability of braking and the portability of steering are mainly affected by the caster angle.
However, there is still a big gap between China's agricultural mechanization level and Europe and America in
rice planting, high efficiency work and intelligent control level (Jin X. et al., 2018; Lee P.U. et al., 2018), so it is
of great significance to develop intelligent rice transplanter for the development of China's agriculture. With the
development of microelectronic system, system-on-chip and wireless communication technology, WSN
(Wireless Sensor Network), which integrates sensing technology, microprocessor technology, embedded
operating system, modern network, wireless communication technology and distributed information processing
technology, has developed rapidly and significantly in recent years (Li G. et al., 2018). Its development and
application will bring far-reaching influence to all fields of human life and production. The research and
application of WSN is an inevitable trend, and its appearance will bring great changes to human society, so it
has been paid attention to by scientific research and commercial institutions in various countries. The electric
control system is one of the key components to ensure the reliable and stable operation of rice transplanter.
In order to make the rice transplanter work intelligently and efficiently, WSN technology was applied to the rice
transplanter, and the electric control system was optimized and improved.

In the research of reference (Li G. et al., 2020), the co-simulation optimization method is applied to the
optimization design of the controlled rotating arm, and the mechanism system and the control system of the
research object are simulated in parallel, and the design parameters of the two systems are optimized
cooperatively. The parameter results obtained by the joint simulation optimization method can reduce the
deformation energy of the rotating arm mechanism in the working process, and obviously improve the overall
working stability of the system. Literature (Peng H.H. and Shang Y.C., 2021) puts forward a cooperative
optimization method, which is different from the cooperative optimization algorithm in that there is no
transmission of coupled design parameter data flow between each subsystem discipline, and it is a relatively
completely independent space, and the constraints of subsystem discipline only assist the process of solving
and optimizing this discipline. Literature (Putri R.E. et al., 2020) takes the manipulator as the research object,
adds simulated stress and boundary conditions to its finite element model, and uses Shape Finder to optimize
the structure of the research object. On the premise that the working strength of the manipulator system is
taken as the constraint condition, the structural weight is reduced and the first-order natural frequency of the
optimization target is effectively improved, and the working performance of the manipulator system is
significantly improved. In the process of structural optimization design of the manipulator, this method is
feasible and efficient.

Literature (Samal P. et al., 2018) studies the influence of front wheel alignment parameters on vehicle
shimmy. The curves of camber angle and front wheel shimmy amplitude and the relationship between kingpin
caster angle and front wheel shimmy amplitude are obtained through experiments. This experiment shows that
kingpin caster angle and front wheel camber angle have great influence on front wheel shimmy. Literature
(Siddique A.A. et al., 2020) designed the row spacing of wide row planting to be 297mm and that of narrow
row planting to be 198 mm. Investigation after harvesting shows that: Compared with equal row spacing
planting, the number of effective ears per hole increased by 0.96, the number of grains per ear increased by
10.7, the weight of 1000 grains increased by 0.5g, and the yield per mu increased by 50.06 kg and 9.1%. In
reference (Siddique M.A.A. et al., 2020), planting with equal row spacing and planting with wide and narrow
rows were carried out respectively (the width and narrow rows increased or decreased by 50mm respectively
compared with the equal row mode). The results showed that the actual yield of wide and narrow row planting
mode per hectare was 400 ~ 500 kg more than that of equal row spacing planting mode (Sun X.Z., 2018)
Based on the riding type, the transplanting mechanism was improved, and the world's first wide and narrow
row transplanter was born. The row spacing of the transplanter was 400mm and 200mm, and the field
experiment was successful.

MATERIALS AND METHODS
WSN architecture

The system architecture of WSN is shown in Figure 1, which includes sensor nodes, coordinator nodes
(also called aggregation nodes), monitoring stations and network protocols. The data monitored by sensor
nodes are transmitted along other sensor nodes in multi-hops.
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During the transmission, the monitoring data may be processed by multiple nodes, routed to the
coordinator nodes in multi-hops, and finally sent to the monitoring station through the Internet or wireless
network (Ahn T.I. et al., 2020; Tong X.F., 2020). Users configure and manage the sensor network, send
monitoring tasks and receive monitoring data by giving operation instructions to nodes.
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Fig. 1 - WSN system architecture diagram

Sensor network node is a miniaturized embedded system, which constitutes the basic support platform
of WSN. The node part consists of four parts: sensor module, processor module, wireless communication
module and power supply module (Wang X.Z. and Li Y.D., 2018), as shown in Figure 2.
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Fig. 2 - Composition of WSN nodes

They are responsible for their own work:

(1) The data acquisition module of sensor module is composed of sensor and A/D converter, which is
responsible for collecting information in the monitoring area, converting data format, converting original analog
signals into digital signals, and converting AC signals into DC signals for subsequent modules to use (Wen
C.J. etal, 2018; Wen F. and Fu K., 2019);

(2) The processor module is divided into two parts, processor and memory, which are responsible for
the control of processing nodes and data storage. The data processing and control module includes memory
and microprocessor, which controls the operation of the whole sensor node, processes and stores the data
collected by itself and the data sent by other nodes.

(3) The wireless communication module is composed of radio transceiver devices such as radio
frequency chips and antennas, and is specially responsible for the mutual communication between nodes
(Xinchun Y. and Meihua, 2018).

(4) The power supply module is used to provide energy for the sensor nodes, which is generally
powered by miniature batteries.
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Establishment of mathematical model for design optimization of electric control adjusting mechanism

The structure of mechatronics system is complex, especially that the mechanical subsystem has many
design variables, complex constraints, complex mathematical models, and it is difficult to get effective and
comprehensive objective functions.

The optimization analysis process is slow, the efficiency is low, and the decoupling effect is not
necessarily ideal, which cannot meet the requirements of optimal design.

In the process of designing and optimizing the electric control mechanism of the adjustable wide and
narrow row high-speed rice transplanter, the discipline analysis of the structure is needed first. According to
the different characteristics of the research object, the system is decomposed into several independent sub-
discipline systems, and all the subsystems obtained by decomposition can be analysed and optimized based
on the existing mature basic theory of disciplines. Combined with the working characteristics of the electronic
control mechanism and the corresponding design theory knowledge, the decomposed subsystems are divided
into four relatively independent subsystems for discipline analysis: structural mechanics system, dynamics
system, kinematics system and control system.

Therefore, considering the stability of components and the overall energy consumption, the smaller
the weight of the adjusting mechanism, the smaller the inertia and energy consumption of the structure.

Therefore, it is necessary to analyse the static strength of the structure, and the structure should be
as light as possible while satisfying the deformation and strength.

The installation position of the electric control adjusting mechanism is the middle and upper part of the
seedling box. The seedling box moves back and forth at high speed in the process of transplanting rice, and
at the same time, the transplanting arm is in a working state of rotating at high speed, so the whole unit of the
seedling box in operation is always in a vibrating state. In the process of rotation adjustment, the unbalanced
balance of inertia force will lead to the vibration of the mechanism itself. In order to avoid the resonance
between the adjusting mechanism and the seedling box unit, it is necessary to analyse the structural vibration
of the mechanism to minimize the vibration influence of the adjusting mechanism in operation. Reasonable
structural design and optimal optimization scheme are to ensure that the high-speed rice transplanter can
stably, effectively and accurately adjust the row spacing of rice transplanter under the action of the electronic
control mechanism. The transmission efficiency of the mechanism system can be maximized under different
working environments and working conditions.

Multidisciplinary design optimization method is derived from the theoretical basis of traditional
optimization design method. Compared with traditional optimization design method, multidisciplinary design
optimization method has more optimization strategies, and there will be a most suitable optimization scheme
for different optimization objectives. The serial optimization method of traditional optimization design method
will be developed into a parallel method for simultaneous optimization of multiple subsystems, which will more
effectively decompose complex large modules into special small modules, and solve the highly coupled
system-level optimization problem with effective subsystems and optimization strategies.

The optimization model of traditional optimization design method is as follows (Yang X.D. and Zhang
S.X., 2019):

Min: f(x) (1)
s.t.:
9,(x)=0  (i=12,---,m,)
A(x)=0  (j=12:+m,) @
X i SXS X,

In formulas (1) and (2), f is an objective function, X is a design variable, gi(X) is an inequality constraint,
and hj(x) is an equality constraint.

It is necessary to separate the traditional optimization model from multiple subsystems when the
traditional optimization design method is derived and developed into multidisciplinary optimization design.
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The multidisciplinary design optimization model after separating the optimization model in the above
formula from subsystems is as follows:

Min: £ (x)= £ (£,06 %, %) (% %0, ¥ )+, B (%, 3 ) ®)
st.:
Nona)co ®

Ei(x’ X Yis yil(x’ Xy yl)""vyij(x’xi' yi)""inn(X’ Xns yn))zo
In formulas (3) and (4), i,j=1,2,...,n,i#; f1,...,fn is the objective function of each subsystem level, X is
the system level design variable, X; is the subsystem level design variable, Yj is the subsystem level state
variable, and yj; is the coupling state variable between each subsystem level. gi(X,X;Yi) is an inequality

constraint; hj(x,X;,yi) is the equality constraint and the system state equation. E; the basic flow of
multidisciplinary design optimization system is shown in Figure 3.
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Fig. 3 - Typical multidisciplinary design optimization system

In the multidisciplinary design optimization system shown in fig. 3, the system-level design variable X
is in N subsystems at the same time, and the state variables of each subsystem will become the input variables
of other subsystems at the same time, thus forming a complete system-level framework by data transmission
of coupling parameters among subsystems. The input variables of subsystem 1 include not only system-level
design variables X and discipline design variables X1, but also state variables y»1, Y31, ..., Yn1 from subsystem
2 to subsystem n. It reflects the modular analysis of multidisciplinary design optimization, and there are certain
coupling variables among subsystems, so parallel optimization can get more effective optimization results.

Optimal design of steering trapezium
After the overall basic parameters of rice transplanter are determined, such as kingpin inclination angle
a, kingpin inclination angle 5, wheelbase L, kingpin centre distance B and steering gear forward extension

distance, trapezoidal bottom angle ¢,, ¢,, steering tie rod |; and trapezoidal arm length M can be determined.

In this paper, m and |; are taken as optimization variables.

In view of the steering trapezoidal structure itself, it is impossible to absolutely guarantee that the
steering trapezoidal structure can meet the requirements of theoretical turning characteristics at any turning
angle. Therefore, the objective function takes the minimum difference between the actual trapezoidal
characteristics and the theoretical trapezoidal characteristics. It is hoped that the deviation will be as small as
possible in the small angle range near the middle position which is often used, so as to reduce the wear of
tires at high speed.
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However, when it is not used frequently and the vehicle speed is slow, the requirements can be relaxed
appropriately (Zha X., Zhang G. and Zhang S., 2020). Therefore, the weighting factor a(61) is introduced, and
this article @ (@1)=-0/01max+1.5 usually takes O1max=90°.

For the overall structure layout, if the M value, that is, the size design of the steering knuckle arm is
too large, the size of the whole trapezoid will also become larger, and it will be difficult to adjust the overall
structure; If the value of M is designed too small, the axial force on the steering cross-pull will be increased,
and the cross-pull may contact the front axle of the front axle during the movement of the whole steering
system, thus causing motion interference. If the steering trapezoid is closer to the rectangle (Zhang C.Z.,
2021), the value of F(X) will be larger. Because the optimization in this paper is to find the minimum value of
F(X), the upper limit can be ignored.

The two constraint values mentioned in the plane constraint, in the spatial model, in order to make the
optimal solution within the constraint range, the range of statistical values is generally relaxed, and the relaxed
expression is as follows:

g,=(x =m)=m-0.10K =0 )
9,=(x,=m)=m-0.16K =0 (6)

In addition, according to the understanding of mechanical principle, the minimum transmission angle
constraint condition of the four-bar mechanism can be obtained by cosine theorem when the vehicle turns left
to the limit position (Zhang X S. 2018); J should not be too small, generally take d>0min=40°. When ¢ reaches
the minimum value. Combined with cosine theorem, the following constraint relation of minimum transmission
angle can be obtained through a certain mathematical relationship:

03 =(x1=m,x2 =¢)
o 2(B+2l,sin a)cos¢—(B+2!zsin a)cos(¢+0, max)—2mcosz¢+4020 )
B+2l,sina—2mcos ¢

RESULTS
Automatic navigation test

A piece of cement pavement and farmland were selected as the test site, and the transplanter was
driven by the driver, and the driving routes were straight and turning. The electric control system records the
driving route as the preset route, so that the transplanter can automatically navigate and drive according to the
preset route; The electronic control system automatically records the heading deviation and lateral deviation
during driving. The test results are shown in Table 1.

Table 1
Automatic navigation test results

Situation Drive straight Turn and drive
Maximum deviation of Maximum lateral Maximum deviation of Maximum lateral
course/ ( °) deviation/ ( °) course/ ( °) deviation/ ( °)
Cement 6.3 4.2 5.2 4.3
pavement
Farmland 7.1 4.7 7.3 4.6
pavement

It can be seen from table 1 that the deviation results of rice transplanter running on farmland pavement
and cement pavement are similar, and the straight running is less than the maximum deviation value of turning;
However, the heading deviation and lateral deviation of straight driving and turning are small, which can meet
the requirements of automatic navigation.

Analysis of multidisciplinary design optimization results of electronic control mechanism system

Sequential Quadratic Programming NLPQL, pp. This algorithm is mostly used in nonlinear optimization
systems with constraints, and the objective function is assumed to be continuously differentiable. The basic
step is to expand the objective function by the second-order Taylor series, and then linearize the constraint
conditions, so that it can be transformed into a quadratic programming problem. The second-order equation is
improved by quasi Newton formula, and straight line search is added as an aid to enhance the stability of the
algorithm.
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Multi-island Genetic Algorithm MIGA, pp. In multi-island genetic algorithm, like other genetic
algorithms, each design point has a fithess value, which is based on the cardinality of objective function and
constraint penalty function value. If an individual has a good objective function value, the penalty function will
have a higher fithess value.

Combined with the analysis of optimization strategy selection, the combination optimization algorithm
of MIGA and NLPQL is selected for multidisciplinary design optimization of electronic control adjusting
mechanism. Based on the established collaborative optimization platform, the electronic control adjusting
mechanism is optimized and analysed. The numerical changes of system-level design variables before and
after optimization are shown in Table 2.

Table 2
Optimization result of electric control adjusting mechanism
Design variable Initial value | Optimization result | Optimization increment (%)

Adjust the total length of the lead screw 1820 1802.32 -0.97
Adjust the length of screw thread section 140 133.63 -4.6

Adjust the lead screw diameter 17 16.20 -4.71
Height of screw thread 1.3 1.21 -6.92
Adjust the lead screw pitch 25 1.97 -2.12
Adjust the screw speed 0.6 0.57 -0.05
Proportional control coefficient 5.6 4.33 -22.68
Integral regulation coefficient 10.2 13.02 27.65
Differential regulation coefficient 5.9 0.77 -86.95

The optimization results in Table 2 show that the overall performance of the system-level optimization
target mechanism system based on the collaborative optimization method is optimal when the design variables
of the electronic control mechanism system are above the design values. The final solution of the optimization
objectives of each subsystem discipline is not necessarily the optimal solution within the constraints of the
current discipline, but under the influence of cross-coupling design variables among subsystem disciplines,
different subsystem disciplines restrict and adjust each other in a balanced way, which makes the system-level
optimization objectives achieve the best under the premise that the optimization objectives of this discipline
are as close as possible to the optimal solution.

In this paper, the four subsystem-level optimization objectives of structural mechanics, dynamics,
kinematics and control of the electronic control mechanism system are: minimum weight, minimum vibration,
maximum transmission efficiency and minimum adjustment response error, and the optimization results are
shown in the following figure 4:

MIGA optimization results

0 20 40 &0 80 100 120

NLPQL optimization results

0 200 400 600 800 1000 |

Fig. 4 - Optimization results of dynamic subsystem
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It can be seen from fig. 4 that, in the structural mechanics subsystem, the weight of the optimization
target electronic control adjustment mechanism is optimized from 2.617kg in the initial state to 2.453kg by
MIGA algorithm, and then the final optimization solution is 2.214kg by NLPQL algorithm. On the premise of
satisfying the working performance, the weight of the rod is reduced by 12.36% after optimization.

Significance analysis

In scientific experiments and production practice, things are affected by many factors, and if the factors
change, they will have a certain impact on products, such as the quantity and quality of products. There will
be many differences in the degree of influence, such as some factors causing great influence, some causing
little influence or even ignoring it. In this paper, in order to ensure high quality and high output, and make the
production process of enterprises stable, the factors affecting products are analysed with mathematical
significance. The analysis uses mathematical variance analysis, which is mainly to further calculate and
analyse the experimental results. This analysis can further compare the influence degree of each factor on the
experiment, which is an effective method in a short time.

The primary and secondary relationship of the influence of factors on the experiment is judged by the
magnitude of the extreme value, and the primary and secondary relationship is:

A—B—D—C, Corresponding relationships are kingpin inclination angle, steering knuckle arm and tie
rod. Although the extreme value can reflect the primary and secondary relationship of the factors, it cannot
reflect the influence of the factors on the experiment. Because there is no standard for the degree of influence
on the experiment, it is impossible to scientifically judge whether all factors have significant influence.

Let F ratio F; of factor j be:

When Fj > Fo01(2,2), it shows that the change of this factor level has a significant impact on the
experimental results, which is denoted as * *.

When F;j > Fo05(2,2), it shows that the change of this factor level has a significant impact on the
experimental results, which is denoted as *.

When Fj > Fo1(2,2), it shows that the change of this factor level has a certain influence on the
experimental results, which is recorded as O.

Table 3
Significance analysis
Variance source | Sum of squares S | Freedom f | Mean square S | Fvalue Significance
A 12.01 3 6.20 27.21 *
B 10.24 3 5.63 24.06 *
AC 0.44 3 0.20 2

D 5.36 3 2.71 12.50 0
e 0.41 3 0.22

It can be seen from Table 3 above that factors A and B are significant, factor D has certain influence,

and factor C is not significant and can be ignored. From this conclusion, we can see that among the four
parameters of front wheel alignment and steering trapezoid, kingpin inclination and kingpin caster angle have
great influence on the whole steering system.

However, the influence of tie rod and knuckle arm in trapezoidal structure on the whole system is not
great, and the influence of tie rod on trapezoidal structure is greater than that of knuckle arm, which is also
consistent with the production practice. The above conclusions provide a certain reference for the improvement
of steering system structure.

In order to show the change results of the curves before and after optimization more clearly, we draw
the curves of the actual rotation angle and the ideal rotation angle with the input angle before and after
optimization, as shown in Figure 5 below.
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Fig. 5 - Theory and curve before and after optimization

As shown in Figure 5, the theoretical Ackermann curve is closer to the optimized curve when the outer
wheel angle is in the range of 0° to 25°, but when the outer wheel angle is greater than 25°, the optimized
curve is farther and farther away from the theoretical Ackermann curve, while the curve before optimization is
closer to the Ackermann curve. Although this situation occurs, it does not affect the work of the transplanter in
the field. Because the speed of the transplanter in the field is relatively small, the work site is limited, and the
corner of the field work is mostly in a small angle range, it shows the scientificity of the optimization method to
a certain extent.

CONCLUSIONS

Mechatronics system is a nonlinear complex system integrating mechanics and control, in which
mechanical system includes many different disciplines such as statics, structural mechanics, dynamics and
kinematics. In this paper, the multidisciplinary design optimization of adjustable wide and narrow row high-
speed rice electric control mechanism is discussed and studied by analysing the research status of
multidisciplinary design optimization of wide and narrow row rice transplanter and mechatronics system at
home and abroad. The hybrid algorithm based on WSN technology, which uses MIGA algorithm to determine
the optimal value range, and then uses NLPQL algorithm to find the optimal value within the range, shortens
the calculation time and ensures the accuracy and global optimality of the final optimized value. The results
show that the hybrid optimization algorithm has high computational efficiency and good optimization effect,
and is suitable for multidisciplinary design optimization of mechatronics system.
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