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Abstract: In complex orchard environments, orchard mowing robots are prone to longitudinal
slippage because of the characteristics of tires and the adhesion conditions of the road surface, which
makes it difficult for the robots to maintain high-precision path tracking and autonomous navigation
positioning. This not only affects the accuracy of path tracking but also leads to unstable motion for
the mowing robots. To solve the above problems, we take an orchard mowing robot as the control
object and establish a cascaded path-tracking controller and an adaptive time domain model based
on a kinematics model. By designing a linear error model, an objective function, and constraint
conditions for the mowing robot, the optimal linear velocity and angular velocity of the mower are
obtained and converted into the speed of the driving wheel. Then, an anti-slip driving controller is
designed based on fuzzy control of the slip rate. The slip-rate-based fuzzy controller is constructed
according to the real-time speed of the mower and the reference speed of the driving wheel solved by
the model predictive controller, and anti-slip driving control is implemented through a combination
of a PID controller and a tire dynamics model. To verify the effectiveness of the proposed method,
simulation and field experiments are conducted. The experimental results show that the slip rate
of the driving wheel of the mower remains within the target slip rate range in the orchard working
environment, avoiding excessive driving wheel sliding. Furthermore, the average lateral error of the
path-tracking controller is controlled within 0.05 m, and the average value of the longitudinal error is
kept within 0.04 m, which satisfies the control accuracy requirements of lawn mower operations. The
proposed method provides a reference optimization scheme for improving the path-tracking and
motion stability of a mowing robot.

Keywords: mowing robot; path tracking; model predictive control; fuzzy control; slip rate

1. Introduction

Weeds pose a significant threat to the growth of fruit trees and affect the growth of
fruit in orchards. Orchard weeding is an important part of fruit production, and mowing
machinery can be used to effectively remove weeds and promote fruit tree production.
Traditional weeding machinery has a large manual workload and high labor intensity
and requires large amounts of manpower, funds, and time, seriously affecting the large-
scale development of orchards [1]. In recent years, unmanned lawn-mowing robots have
emerged and have become widely used. With their flexible motion modes and precise
navigation and positioning systems, they have been widely used in work environments
with simple terrain, effectively reducing labor costs and labor intensity [2]. However, the
robot is affected by the complex orchard environment, which makes it easy for it to slip
and pitch, as well as making it prone to other difficulties. During orchard operations,
the posture of the mowing robot fluctuates greatly because of many interference factors.
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Therefore, it is necessary to solve the problem of mowing robots having difficulty carrying
out autonomous operations and maintaining path tracking smoothly.

Safe operations and path tracking are the core research issues related to unmanned
lawn-mowing robots. Among them, control algorithms directly affect the stable operation
of lawn-mowing robots and the accuracy of automatic navigation and positioning systems,
thereby affecting the efficiency of lawn-mowing and fruit tree production. In recent years,
scholars have conducted extensive research on the work efficiency, continuous and stable
operation, and path-tracking control of unmanned agricultural machinery in complex
operating environments, mainly using model predictive control (MPC), fuzzy control,
pure tracking control, PID control, and linear quadratic regulator (LQR) control [3-10].
Yangyang [11] proposed an agricultural machine path-tracking algorithm based on optimal
target points. Compared with the Pure Pursuit algorithm, the tracking error is reduced by
more than 20%, and the tracking accuracy is significantly improved. Chenyuan Sun [12]
proposed a distributed-drive agricultural vehicle based on multi-information fusion, in
which the torque required by the wheels is distributed through a sliding mode control and
incremental proportional integral control so that the total traction coefficient of each wheel
is consistent, and the vehicle runs in a straight line to solve the problem of excessive wheel
sliding, but the accuracy of path tracking is not solved.

However, these algorithms generally ignore the kinematics of agricultural machinery
during driving and the dynamic constraints of the vehicle body. Model predictive control
can establish corresponding models for special problems, consider multiple system con-
straints, predict future times, and conduct rolling optimization online in real time. Numer-
ous studies have shown that the MPC algorithm is well suited for path-tracking problems
with high real-time requirements, high accuracy requirements, and multi-input/output
system constraints [13,14]. Guohai Liu [15] built a path-tracking controller and a self-
tuning controller based on the kinematic model of a four-wheel independent-drive high-
clearance spray. The model predictive controller was used as the main controller to achieve
path-tracking control so that the lateral deviation of the spray could be controlled within
0.0141 m. Jiahong Xu [16] focused on the operational efficiency of agricultural machinery
and proposed a new efficiency-oriented model predictive control (EfiMPC)-based path-
tracking control algorithm to achieve optimal control and further improve the operational
efficiency of agricultural machinery. Manikandan Sundaram [17] proposed an improved
curve perception MPC (C-MPC) algorithm for navigating curved paths; their approach
can effectively eliminate path noise on terrain such as farmland and has low horizontal
and vertical errors. Jie He [18] established a kinematic model based on modifying the
position and pose of agricultural machinery to obtain a linear error model, an objective
function, and constraint conditions for agricultural machinery to perform path tracking,
aiming at the sideration and skidding of agricultural machinery in a complex paddy field
environment. The agricultural machinery body was taken as the control object, and the
agricultural machinery position and pose were taken as the observation values. The av-
erage root-mean-square error of the three-line path-tracking result was 0.043 m, and the
average absolute error was 0.033 m. Huang [19] proposed an integrated kinematics and
dynamics model for unmanned vehicles, proposed a path-tracking controller based on
MPC, and conducted a VE-DYNA-Simmink cosimulation under different speeds and road
friction coefficients. The results showed that the algorithm has good tracking performance.
Linhe Ge [20] designed an offset-free MPC solver that uses MPC to directly solve longitudi-
nal and transverse coupling problems. Simulation results showed that the algorithm could
attain better tracking accuracy and high-speed stability by considering longitudinal and
transverse coupling constraints. The average time required to complete all computations
was only 5 ms.

In summary, a path-tracking algorithm based on MPC can effectively solve the prob-
lems of agricultural machinery in navigation and path tracking, but it does not solve the
problem of the driving wheel skidding in the orchard environment. In this paper, a cascade
path-tracking control method for orchard mowing robots is designed, which is based on
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the linear time-varying kinematic model of a four-wheel mower. The fixed time domain
is difficult to adapt to the complex orchard environment, and to solve that problem, an
adaptive time domain model predictive controller is designed. Aiming at the complex and
varied road conditions of the orchard, a driving anti-skid controller was constructed using
fuzzy control and the PID algorithm to realize driving anti-skid control. The proposed
method improved the stability and the path-tracking accuracy of an orchard mowing robot.

2. Materials and Methods
2.1. Test Materials

To test the proposed path-tracking control method for an orchard mowing robot based
on cascaded MPC and anti-skid drive control, the four-wheel differential mowing robot
developed by the National Lychee and Longan Industrial Technology System Team of South
China Agricultural University, which is mainly composed of a driving system, mowing
system, and control system, is used as the experimental platform. The mowing system
is connected to the body through an electric push rod, and the stubble-height CAN is
adjusted through the electric push rod. The MPC controller is connected to the lower
machine controller through the CAN port, which coordinates with the rotary coding sensor
to control the motion of the mower. Figure 1 shows the mowing robot prototype. Table 1
shows the main technical parameters of the mowing robot.

GNSS

MPC controller Lidar

Figure 1. Lawn mower and sensors.

Table 1. Main technical parameters of the lawn mower.

Technical Parameters Parameters
Length x width x height 1051 x 831 x 460 (mm)
Wheel track (B) 593 (mm)
Wheelbase (L) 715 (mm)
Working speed 0-1.5 (m/s)
Drive form Four-wheel independent drive
Communication interface CAN
Mowing robot quality 70 £1 (kg)
Wheel radius 165 (mm)
Rated motor power 350 (W)
Maximum motor speed 1500 (rad /min)

The position, attitude (heading angle, pitch angle, and roll angle), angular velocity,
acceleration, and traveling speed of the mowing robot are measured using GPS, an IMU,
and a wheeled odometer, as shown in Figure 1. The IMU sensor is installed horizontally
forward inside the body shell, GPS antennas are installed in pairs on the roof, and the
encoder is installed coaxially with the motor. The static measurement accuracy of the
IMU sensor is 0.05°, the dynamic measurement accuracy is 0.1°, and the maximum output
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frequency is 400 Hz. During testing, the update frequency of the IMU is set to 50 Hz, and
that of the GPS is set to 10 Hz.

The speed of the four wheels of the mowing robot is measured by an OMRON
photoelectric encoder, as shown in Figure 1. The resolution of the adopted encoder is
2000 pulse/rotation (P/R), and the sampling period of the wheel speed is set to 20 ms
for testing.

2.2. Experimental Methods
2.2.1. Method Design for Measuring the Slip Rate of a Mowing Robot

In the orchard environment, the running speed of the mowing robot and the motion
path are set as shown in Figure 2. Through autonomous navigation, the starting point and
ending point of the mowing robot are set, its real-time speed and the real-time speed of
the four wheels in the motion path are recorded, and the real-time slip rate of the mowing
robot is obtained under the working state according to the real-time speed of the mowing
robot and the motor speed.

Cy****
Ry

[

Figure 2. Schematic diagram of the reference path.

2.2.2. Path-Tracking Parameter Definition

To verify the effectiveness of the control method proposed in the following section, a
four-wheel differential lawn mower platform is used to perform a path-tracking experiment
and a slide rate control experiment in a standard orchard at South China Agricultural
University. According to the actual situation of the orchard, the operation route of the
lawn mower adopts a full coverage path. At the same time, to ensure that the simulation
path is consistent with the actual working path of the lawn mower, the standard orchard is
measured. The distance of each straight path is approximately 25 m, and the turning path
is approximately 10 m.

Path tracking requires not only the state quantity of the lawn mower itself but also
the corresponding reference path, which consists of information such as the position and
attitude tracked by the lawn mower. Before building the control system, the reference path
needs to be defined, as shown in Figure 2. Navigation equipment can provide effective
positioning data, mainly using the longitude, L; latitude, B; and heading angle, ¢. The
reference path is generally composed of discrete reference waypoints, whose coordinates
are longitudes and latitudes (L,B,¢) in the WGS-84 coordinate system. It is necessary
to first convert these coordinates to the geodetic coordinate system (the Gauss—Kruger
projection method is adopted) [21] and then to the body plane coordinate system [13], and
the reference path obtained after transformation is used as the simulation reference path
in MATLAB.

3. Mower Path-Tracking Controller Design Based on Adaptive MPC and
Slip-Rate-Based Fuzzy Control

3.1. Four-Wheel Differential Kinematic Model of the Lawn Mower

Regarding the wheeled lawn mower platform, the motor can drive the wheels and
change the wheel speeds independently. Therefore, the essence of path tracking for the
lawn mower is to adjust the torque of each wheel in real time. The torque outputs of
different wheels control the motor, allowing the speeds of the lawn mower in different
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directions to be generated to realize straight running and steering for the lawn mower.
Because the mower uses differential steering, in which the left and right wheels of the
mower run at different speeds, the mower is able to turn. Therefore, the geometric center of
the robot is taken as the origin of the coordinate system of the lawn mower, and c denotes
the instantaneous center of the lawn mower’s steering. A kinematic model of the lawn
mower is developed in Figure 3.

Figure 3. Kinematic model of a four-wheel differential-speed lawn mower.

Taking the forward direction of the lawn mower body as the x-axis, the rotation axis is
perpendicular to the vehicle and upward, and the counterclockwise direction is specified
as forward rotation without considering the lateral motion of the body, w (i =1, 2, 3, 4), or
the rotational speeds of the four wheels, namely, the motor speed; v is the translational
speed of the mower along the x-axis, and v is the angular velocity of the geometric center
of the mower. The angle between the actual velocity of the tire and the orientation of the
tire is the tire sideslip angle.

After completing the corresponding matrix transformation, the state equation of a
four-wheel independent-drive lawn mower can be derived, as shown in Equation (1):

: w
X cosf 0 gcosf  jcos® jcos®  fcosd wl
y | = | sind 0 ( ) = gsinf  gsin®  zsin®  sind 2
0 0 1 [ S N w3

2B 2B 2B 2B

o
%cosG %COSG %0059 %cos@ vl
= Lsing  Lsing isine lsine 2
1 1 1 i ”
_ 1 _ 1 _1 _1 3
2B 2B 2B 2B 04

where w; (i =1, 2, 3, 4) refers to the wheel angular velocity, r is the wheel radius of the
lawn mower, v; (i =1, 2, 3, 4) is the wheel edge line velocity, B is the track width, and
w and v are the angular velocity and linear velocity of the geometric center of the lawn
mower, respectively.

As shown in Equation (1), the motion state of a four-wheel independent-drive lawn
mower in the x- and y-axis directions is described, and the components, angular velocity,
and wheel rotation angular velocity of the lawn mower travel speed along the x and y
coordinate axes are determined, w; (i = 1, 2, 3, 4), producing the relationship between the
wheel edge velocities, v; (i=1, 2, 3, 4).

3.2. Design of an Adaptive Time Domain Model of a Predictive Controller
3.2.1. Linear Error Discretization of the Kinematic Lawn Mower Model
According to the state equation shown in Equation (1), the system can be regarded

as an input with u = (v, w)T, and the state variables are x = (x,y, 9)T. The general form
of the linear control system of T is shown in Equation (2) [14]. The heading angle of the
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lawn mower, 6, is equal to the angle between the geometric center of the lawn mower and
the x-axis.

x=fxu) 2)

If the working path of the mower acquired based on GPS is taken as the reference path
and each path point on the reference path satisfies the established kinematic equation, then
a kinematic model that satisfies the preset conditions is shown in Equation (3):

Xr = f(xr,ur) 3)

where x; = (x1,yr,0,) T, u, = (v, wy)T

By expanding the above equation using Taylor’s formula at the first reference point of
the reference path [20] and ignoring higher-order terms, the linear error model of the lawn
mower is obtained, as shown in Equation (4):

of (x, u) |
9x

of (x, u)
X = Xxr (X XV)+ u |X:X1’
u = Uy U = Uy

X = f(xr ur) + (u—uy) 4)

The linearized error model of the lawn mower can be calculated by combining the
above two equations:

x_jfr X — Xy v—1v
x=1v-¥ =A(y—yr)=A+B< > )
0

6—6, wm

In the equation, A and B are the Jacobian matrices of f with respect to x and u,

0 0 —v,sinb, cosf, 0

respectively; A = (0 0 ©v,cosH, ) ,and B= | sinf, 0
0 0 0 0o 1

To apply the linearization error model to the MPC controller, discretization processing

is performed by the forward Euler method [22] to obtain the linear error discretization
model of the system, as shown in the following equation:

{X(k‘f‘ 1) = AgX(k) + By it (k)
y(k) = Cyix (k)

1 0 —ou,sin6,-T cosB,-T O 1 00

where Ay ; = (0 1 vrcos6,-T ) , By = (sz’n 0,-T 0) , Crp = (O 1 0) ,and T
00 1 0 T 0 01

is the sampling time.

(6)

3.2.2. Design of the Objective Function and Constraint Conditions

To prevent the control variables in the system from experiencing sudden changes,
which may lead to decreases in the path-tracking accuracy and system stability of the lawn
mower, control increments are used to replace the control variables. The modified state

equation is as follows:
el = (20, ) @)
Therefore, the output state quantity of the system can be expressed as follows:
1(k) = G (Klt) ®)
where 77(x, y, )" represents the output of the discrete MPC system, x represents the hori-

zontal axis position of the lawn mower, y represents the vertical axis position (m) of the
lawn mower, and 6 represents the heading angle of the lawn mower in degrees.
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After modification, the state equation used for the MPC controller is represented

as follows:
{C(k—f—l) A (k) + BAu(k)

(k) = a, & (K] ®

ki 0 0 0 0
where Au(k) = (k) —i(k—1), Ay = <0Ak" li“), By = (i“), Gi=10 k o o of,
R " 0 0 k 0 0
and 7 represents the dimensionality of the system state variable. In this article, n is
equal to 3, m is the dimensionality of the control variable, and m is 2. k1, ky, and k3 are the
weight ratios of the three state variables’ errors.
The modified state prediction equation is iteratively derived, and the system’s predic-
tion output is set as follows:

Y(k+1Jk) = fe4 (k) + fulU(K) (10)
where Y is the output matrix of the system, AU is the control increment matrix, fz
1 (k+1Jk)
and f, are the iterative matrices of the equation, Y(k+1|k) = 1k +2[k) S fe =
7 (k+ Np|k)
CkAk Au(k[k) Gy o = 0
Cr A2 CiAB C,B 0
k ,AU(k): Au(k + 1]k) Jand f, — k‘k k k.k
T : : )
CkAk p Au(k + N|k) CkAlf(\’pflgk CkAII(\Ir)fZBk CkANp Nc 1Bk

Considering the actual working situation of the lawn mower, when designing the MPC
controller, the control quantity and control increment constraints are considered, which
is beneficial for improving the path-tracking accuracy of the lawn mower. The design of
the objective function mainly revolves around the deviation of the system state variables
and the constraints of the control variables during the operation of the lawn mower. A
multi-objective optimization function is designed with constraints based on the control
objective proposed earlier, and the objective function for the control is predicted using the
following model form:

Ty = YoM N (k4 i | K) = g (ki | K|+ o0 | AUk +i | k) |[% +pe2 (1)

where N is the predictive time domain; N is the control time domain; AU is the control
increment in the control time domain; ¢ is the relaxation factor; Q is the weight matrix of
the output quantity; R is the weight matrix of the control increment; p is the weight matrix
of the relaxation factor; 7ot (Xref, Yref, Oref) is the reference output variable; and ¢ is the
global reference path for the working environment of the lawn mower.

To prevent the problem of variables being unsolvable during the solving process, a
relaxation factor, ¢, and a weight matrix representing the relaxation factor, p, need to be
added. In the objective function, it is necessary to calculate the output of the system in the
predicted time domain.

In the optimization objective function, the solution is the control time domain. The
control increment within N, can only appear in the form of a control increment or its
multiplication with the transformation matrix with the constraint conditions applied.
Therefore, it is necessary to transform the control increment constraint inequality and
obtain the corresponding transformation matrix.

Umin < U + AAU; < Umax (12)
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A=[11 1 "~ o0 (13)
11 --- 1 1

In the formula, Umnax and Ui, refer to the control time domain. The sum of the
maximum and minimum values of the control variables is within N;; A is the coefficient
matrix, and A ® I,. Here, ® is the Kronecker product, and I, is the m-dimensional identity
matrix.

In the model predictive control system proposed in this article, constraints can be set
to better reflect physical facts, and MPC has the advantage of allowing its constraints to be
modified online, whereas other optimization methods do not. According to the principles
of control algorithms and the physical structure of the chassis, the constraints in this article
mainly include the control limit constraints and control increment constraints during the
control process. The constraint conditions are as follows [3]:

ui(k+7j) <u(k+j) <ugk+j),j=01,N.—1 (14)

Auj(k+ ) < Au(k+j) < Aug(k+7),j =0,1, N, — 1 (15)

where u; and u, represent the minimum and maximum values of the control variables,
respectively, and Au; and Au, represent the minimum and maximum values of the control
increment, respectively.

3.2.3. Optimization Problem-Solving

To solve the above optimization problem by using quadratic programming, it is
necessary to convert the objective function into the following standard form:

minj = %ZTQZ +CTz (16)

After integrating the objective function and constraints, the controller needs to output
control sequences to the system during each control cycle, convert the objective function
into a standard quadratic form, and incorporate the constraints to solve the following
optimization problems:

J(E(K), u(k = 1), AU(K)) = [AUK]T, " He[AU(K)", €] + G AU (k)" e] (17)
5.L-AUpin < AU(K) < Almax (18)
Umin S ut + AAU(k) S umax (19)

T OfT
where H; = ( uk% uk 2), Gy = [ZE(k)Tquk 0} ,and E(k) denotes the tracking errors

in the predicted time domain.

The system solves the standard quadratic form combined with constraints in each
control cycle and obtains the control sequence in the control time domain. According to
the basic theory of MPC, the first element, Au(k), in the control sequence is applied to the
system as the actual control quantity, as shown in Equation (20):

a(k) = a(k — 1) + Au(k) (20)

When the system repeats the above optimization process after each control cycle until
the entire control process is completed, tracking control is achieved for the reference path
of the mowing robot.
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3.2.4. Adaptive Time Domain Module Design

The time-domain parameters of model predictive control have a significant impact
on the control effect, but fixed parameters have poor adaptability to complex operat-
ing conditions and cannot adapt to the environment in real time. Among them, the
two parameters with the most significant impacts are the control time domain and the
prediction time domain.

As shown in Figure 4, when the other control parameters remain unchanged, the larger
the prediction time domain is, the larger the range predicted by the controller, which can
obtain more lawn mower state information. However, if the prediction time domain is too
large, it will increase the error of the lawn mower at a distant position, thereby reducing the
tracking accuracy of the lawn mower at a nearby position [23]. In addition, an excessively
large prediction time domain will also increase the computational complexity of the MPC
algorithm and reduce the real-time performance of the system [24]. When the prediction
time domain is too small, the status information of the lawn mower will decrease. In the
presence of system control constraints, the lawn mower will be unable to turn in a timely
manner, the path-tracking accuracy will be reduced, and stability will not be ensured.

Ny
Predicftive time Predictive time R —
domain domain T
— Actualpath — Acualpath
,,,,,,,,,,, Reference Path _._________. Reference Path
N is too large N istoo small

Figure 4. Analysis of the impact under different N}, conditions.

Based on the model predictive controller set above, in this section, a control time
domain and prediction time domain optimization module is designed based on the vehicle’s
speed, as shown in Figure 5, to achieve adaptive parameter adjustment, improve the
adaptability of the mower to environmental changes, and improve the path-tracking
accuracy of the mower.

As the vehicle speed increases, the distance predicted by the MPC controller also
needs to increase accordingly; that is, the predicted time domain, N), increases accordingly
to ensure the stable tracking of the reference path by the lawn mower and to avoid the
untimely turning phenomenon. For the control time domain, N, an increase in N, can
reduce the degree of sudden change in the control quantity and prevent the vehicle from
slipping or even losing control during high-speed driving [25]. Therefore, the control time
domain should also increase appropriately with increasing vehicle speed to ensure the
stability of path tracking.

As shown in the Figure 5, a time domain optimization module based on vehicle speed
is designed using a fuzzy control algorithm. The design input is the current speed of the
lawn mower, and the predicted time domain is the output. Based on the motor performance
of the lawn mower, the input walking speed range of the lawn mower is determined to be
[0, 0.8 m/s], and the adaptive predicted time domain value range for the reference path
combined with the control algorithm is [10, 30].

The speed and prediction time domain of the lawn mower is divided into the fol-
lowing seven fuzzy subsets: NB (very small), NM (small), NS (small), Z (moderate), PS
(large), PM (large), and PB (large). The membership function selects the Gaussian and
trigonometric functions.

Based on the time domain optimization design and multiple simulation experiments,
specific fuzzy rules are formulated, as shown in Table 2. The response relationship between
the operating speed of the lawn mower and the predicted time domain is shown in Figure 6.
The operating speed of the lawn mower is obtained through fuzzy inference to determine
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the predicted fuzzy output in the time domain. The centroid method is selected to solve the
ambiguity of this problem and obtain an accurate output prediction in the time domain.

Reference full
coverage path

e e e e -=1

The first
control

|

|

:\ model :

! I

! I

! I

1 Control 1

State of lawn I sequence Constraint on I
mover at next 1 control and control 1
time step | increment I
! I

! I

! I

! I

! I

|

MPC Control ler_.

Control time domain| Predictive time domain
Real-time speedr

Time domain
optimization module

Figure 5. Block diagram of the adaptive time domain MPC path-tracking control process.

Table 2. Fuzzy rule table.

Fuzzy Quantity Fuzzy Subset
v NB NM NS Z PS PM PB
Np NB NM NM Z PM PB PB

where v is the speed of the lawn mower, Np is the predicted time domain.

30

25

Figure 6. Response graph for the speed and prediction time domain.

The prediction time domain output is smoothed by the fuzzy algorithm to obtain the
current optimal prediction time domain, N, after fuzzy processing. The current optimal
prediction time domain is appropriately adjusted to obtain the current optimal control time
domain, N;. The expressions for Ny, and N, are as follows:

N

b = Round(Np) (21)
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Ny = Round (a * Np) (22)

In the above equation, « is a time domain weight parameter, which usually ranges
from 0.15 to 0.2. Here, based on the simulation situation, the time domain weight coefficient
is selected as 0.2.

3.3. Mower Driving Wheel Anti-Slip Control Based on Fuzzy Slip Rate Control

The driving wheel of a lawn mower may experience significant longitudinal slippage
in complex operating environments, which can affect the path-tracking accuracy and stable
operation of the mower. Therefore, it is necessary to consider the impact of driving wheel
slippage on path-tracking accuracy.

3.3.1. Establishing a Dynamic Model for the Driving Wheel of a Mower

To analyze the state of the driving wheel of a lawn mower, a dynamic model is
established; interference such as air resistance is ignored, as shown in Figure 7.

7

Fy
Figure 7. Dynamic model of the driving wheel of a lawn mower.

The dynamic equation for the driving force of the lawn mower is established as shown
in Equation (22):
Jw =T; — RF, — Ty (23)

Therefore, the torque of the driving wheel of the lawn mower can be expressed
as follows:
T; = Jw + RFy + Ty (24)

The rotational inertia of the driving wheel can be expressed as follows:

_ MR?

I==

(25)
where | is the moment of inertia (kg/m?), w is the angular acceleration of the driving wheel
(rad/s?), T; is the torque of the driving wheel (N-m), R is the radius of the driving wheel
(m), Fy is the longitudinal driving force of the tire (N), Ty is the rolling resistance moment
(N-m), and M is the mass of the lawn mower (kg).

In this article, the standard Pacejka magic equation is used. The H.B. Pacejka tire
model is an empirical model that fits actual test data. Its form is universal and can si-
multaneously describe the relationships between the longitudinal force of the tire and the
longitudinal slip rate, the lateral force and the lateral tire angle, the return torque and the
lateral tire angle, and the vertical wheel load. Moreover, its fitting accuracy is high, so
it is called the “magic formula”. The magic formula includes the longitudinal tire force
under single driving or braking conditions, the lateral tire force under single steering con-
ditions, and the longitudinal tire force and the lateral force under combined drive/braking
conditions [26,27].

Under a single driving/braking condition, the relationship between the longitudinal
tire force, longitudinal slip rate, and vertical tire load can be described as follows:

Fyo = Dysin{Cyarctan[BiA — E1(B1A — arctanBiA)|} (26)
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where the curve form factor is C; = 1.65, the peak factor is Dy = a4 E? + ayF., BiCyD; =

(a;;FZ2 + a4Fz) e~ %% the stiffness factor is B; = B(lfllj?l , the curvature factor of the curve is

Eq = agF.% + ayF, + ag, A is the longitudinal slip rate, and a; is the fitting coefficient.
Under pure steering conditions, the relationship between the longitudinal tire force,
Fyo; the tire side deflection angle, «; and the vertical tire load, F;, can be described as follows:

Fyo = Dasin{Cparctan|[Byx — Ep(Byx — arctanByx)|} (27)

x=a+S5, (28)

where the curve form factor is C, = 1.3; the peak factor is D, = mE? + ayF.; BoCoDy = a3
sinfagarctan(asF;)|(1 — aqz|y|); the stiffness factor is By = % ; the horizontal drift of
the curve is S;, = agy; the vertical drift of the curveis S, = (alOFzz + ay1 F; )7; the curvature
factor of the curve is Ey = agF.% + ayF. + ag;  is the tire sideslip angle; and - is the wheel
camber angle [28].

The relationship between the longitudinal tire force, Fy, and lateral force, F,, under
the combined driving/braking and steering conditions, as well as the lateral tire slip angle,
«, and longitudinal slip rate, A, is as follows:

Oy Oy
Fx:;FxO/ Fy:;FyO (29)

where 0 = /2% + 03,2, 0 = —1%\,(@ = —ﬁ—”ﬁi.

By referring to the traditional tire model and the attributes of the lawn mower itself,
the above values can be assigned to determine the relationship between the longitudinal
and lateral forces of the tire and the slip rate, as shown in Figure 8.

1500

1000

500

-500

Longitudinal force/N

-1000

-1500

Slip rate

Figure 8. Diagram of the relationship between the longitudinal force and the slip rate.

3.3.2. Target Slip Rate Range of Lawn-Mowing Robots

The slip rate of the driving wheel is defined as the relative error between the wheel
speed of the driving wheel and the absolute speed of the vehicle body [29]. In this article,
the rotational speed data of the driving wheel are collected under the working condition
of the lawn mower through pre-experiments, the real-time slip rate of the lawn mower
during a certain working cycle is calculated according to Equation (29), and the target slip
rate of the driving wheel is analyzed based on this. In general, whether wheel slippage
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occurs is measured by the slip rate of the driving wheel. This article uses the following slip

rate expression:
s=—0 T (30)
max(wr,v)
where w is the angular velocity of rotation; v is the moving speed of the lawn mower; and
R is the wheel radius. In this article, the radii of all wheels are assumed to be equal.

According to the design of the slip rate measurement experiment in Section 2.2.1,
the lawn mower is controlled to perform repeated working experiments on the working
path, recording the real-time speed and motor-related parameters of the lawn mower
on this working path. The real-time slip rate of the lawn mower is calculated according
to Equation (29), and the relationships between the motor parameters and slip rate are
analyzed, as shown in the following figures.

Because of the use of a hub motor in the lawn mower in this article, the performance
parameters of the motor can better reflect the states of the driving wheels. Based on the
real-time speeds of the four driving wheel motors during the experiment, the effective
output power and slip rate data of the motor are analyzed. From Figure 9, it can be
observed that, when the slip rate is maintained within 0-0.2, the speed of the drive wheel
motor is relatively stable, and the observed changes are roughly linear. When the slip rate
exceeds 0.4, the speed of the drive wheel motor rapidly increases until the slip rate reaches
approximately 0.9, and the motor speed of the drive wheel approaches the maximum
speed. At this point, it can be determined that the drive wheel is idling. As shown in
Figure 10, when the slip rate of the driving wheel is maintained below 0.2, the effective
output power of the driving wheel motor remains in its optimal state. When the slip rate
reaches approximately 0.9, the effective power of the driving wheel motor approaches 0,
and at this time, the motor is not in operation, and the driving wheel is in an idle state.
Based on the above analysis, the target slip rate in this article is not fixed to a certain value.
The aim of the value condition is to first ensure that no slip occurs; that is, the target slip rate
should be controlled within [—0.2, 0.2]. If it exceeds this range, the slip rate is controlled by
a fuzzy controller to force it to lie within this range.

1600
1400

1200

== Niotor speed of left front wheel
1000

=== Notor speed of left rear wheal

800 = = Niotor speed of right frontwheel

{ran/min)

Rotate speed

— - Mator speed of right rear wheel

400

200

o e e e ]
0 004 008 012 016 020 0.24 0.28 032 036 040 05 09
Slip rate

Figure 9. Relationship between the slip rate and real-time speed of the driving wheel.

3.3.3. Fuzzy Controller Design Considering the Slip Rate

This article adopts a dual-input single-output fuzzy control algorithm, where the
inputs are the expected speed of the driving wheel obtained by the MPC controller and
the real-time speed of the mower, and the output is the expected slip rate of the driving
wheel of the mower. Based on the real-time vehicle speed feedback obtained from the lawn
mower and the expected wheel speed of the MPC controller; the driving speed range of the
lawn mower is set to [—-0.8 m/s, 0.8 m/s]; the real-time speed range of the driving wheel is
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set to [-5rad/s, 5 rad/s]; and according to the previous analysis, the expected slip rate
range is set to [—0.2, 0.2].

3504

= Left front wheel motor
output power

=== Left rear wheel motor
output power

= = Right front wheel motor
output power

= + Right rear wheel motor
output power

Effective output power of motor /W

0 004 008 012 016 020 024 028 032 036 040 05 09
Slip rate

Figure 10. Diagram of the relationship between the slip rate and the effective output power of the
drive wheel motor.

The reference speed, real-time drive wheel speed, and expected slip rate of the lawn
mower are divided into the following seven fuzzy subsets: NB (very small), NM (small),
NS (small), Z (moderate), PS (large), PM (large), and PB (large). In terms of membership
function selection, the system adopts the combination of a Gaussian function and a trigono-
metric function, which not only ensures that the system has high sensitivity but also makes
the system more stable.

Based on the relationships between the slip rate, vehicle speed, and driving wheel
speed and after conducting many simulation experiments, the most common If-Then rule
in fuzzy control is adopted. Specific fuzzy rules are formulated, as shown in Table 3. The
response relationship between the reference speed of the lawn mower, the speed of the
driving wheel, and the expected slip rate is shown in Figure 11. When one of the indicators

of driving wheel speed and real-time speed changes, or both changes, the slip rate will
be affected.

Table 3. Table of fuzzy slip rate control rules.

v
w

NB NM NS z PS PM PB

NB Z PB PM PM PS Z Z
NM PM Z PM PS PS Z NS
NS PM PM zZ PS zZ NS NS
Z NS PM PS Z NS NM NM
PS NM PS NM NS zZ NM NM
PM NM Z NM NM NM z NB

PB NB Z NB NM NM NB Z

The reference driving wheel speed of the MPC controller and the speed of the lawn
mower are input through fuzzy inference to obtain the fuzzy output. The centroid method
is chosen to solve the ambiguity and obtain an accurate expected slip rate output.

This article adopts the classic incremental PID control method [30] for the design of
the slip rate PID controller, whose expression is as follows:

us(k) = Kps * es(k — 1) 4+ Kjs % es (k) + Ky * (es(k) — 2es(k — 1) +es(k —2)) +us(k—1) (31)

In the equation, us(k) is the slip rate output by the lawn mower at this time, and
us(k — 1) is the last output quantity.
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Figure 11. Diagram of the relationship between the driving wheel speed, real-time vehicle speed,
and expected slip rate.

For the PID controller applied to the motor torque, incremental PID control is also
used, and its expression is as follows:

uy(k) = Kpy * ep(k — 1) 4+ Kjp * ep (k) + Ky, * (€0 (k) —2e5(k — 1) 4+ ep(k —2)) +up(k — 1) (32)

In the equation, u, (k) is the current torque output by the drive motor of the lawn
mower, and i, (k — 1) is the last output quantity. The slip rate and driving wheel torque of
the PID controller are shown in Figure 12:

Target
sliprate 4, Deviation
L

Motor Lawn
model mower

V.

Tire model

Actual torque

Real-time slip rate

Figure 12. Incremental PID control chart for the slip rate and driving wheel torque.

Based on many simulation experiments and field experiments, the PID controller
parameter values are set as shown in Table 4.

Table 4. Table of fuzzy slip rate control rules.

PID Controller Parameters Value
Dwelling time/s 0.02
Proportional slip rate control 3
Integral slip rate control 1
Differential slip rate control 0.6
Proportional drive wheel motor speed control 5
Integral drive wheel motor speed control 1.6
Differential drive wheel motor speed control 0.8

In summary, the fuzzy control algorithm can obtain the expected slip rate of the
driving wheel based on the fuzzy rule table formulated by the fuzzy controller, the target
speed of the driving wheel obtained by the MPC controller, and the real-time speed fed
back from the lawn mower. The PID controller of the slip rate is designed to control the
expected slip rate obtained by the fuzzy controller and the actual measured slip rate and
obtain the output slip rate of the driving wheel. By combining the dynamic model of the
lawn mower with a torque PID controller, the torque of the motor is controlled to achieve
anti-slip control for the lawn mower.
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3.4. Path-Tracking Controller for Designing Adaptive MPC and Fuzzy Slip Rate Control Schemes

The path-tracking controller based on MPC and fuzzy control performs anti-slip
control for the lawn mower by controlling the slip rate and torque of the driving wheels.
The concrete implementation steps are shown in Figure 13. First, a dynamic model for the
driving wheel of the lawn mower is established, the relationship between the slip rate and
road adhesion coefficient is analyzed through the dynamic model, and the range of slip
rates at which the driving wheel does not slip is obtained. Based on the MPC controller
output of Section 3.2, the linear speed and angular velocity of the vehicle are obtained, and
the expected driving wheel speed is determined through the use of a four-wheel differential
steering model. Then, the expected slip rate is calculated by the real-time vehicle speed
feedback derived from the actual process. If the observed rate is within the nonslip range,
it is considered the target slip rate. If it exceeds the range, it is input into the established
fuzzy controller to control the slip rate within a moderate range and output the target slip
rate. A slip rate PID controller that outputs the target speed through real-time slip rate
feedback obtained from the actual process to control the slip rate of the driving wheel near
the target slip rate is designed. The target speed of the driving wheel obtained from the
previous step is calculated with the target speed obtained from the MPC; it is converted
into the final output slip rate, and the tire dynamics model is used for verification purposes.
The real-time steering angle speed feedback from the actual process is used to obtain the
lateral wheel angle. The slip rate, lateral angle, and vertical wheel load are substituted into
the magic equation under the longitudinal and lateral joint working conditions to obtain
the longitudinal force acting on the wheel, thereby obtaining the output torque of the target
motor. A torque PID controller that combines real-time torque feedback from the motor
with the output voltage is designed to control the torque. Finally, the torque output by the
motor is input into the actual process, which can ensure that the wheel slip rate is within
the nonslip range, guaranteeing that the driving wheel is in a better working state and
achieving anti-slip control of the lawn mower driving wheel. The overall control diagram
is as follows.

State of the cropper

» MPC controller

The expected speed of
driving wheel

Real-time
vehicle speed

Whether the slip
ate is within the target range

The target speed
of driving wheel
Real-time
vehicle speed

Fuzzy controller

Real-time slip

ae | PID controller of slip
i rate

The output
Real-time slip rate The expected
yaw rate slip rate

Tire dynamic model

The target
motor torque

PID controller of
wheel torque

Real-
time The output
motor voltage

torque
Motor model

Figure 13. Path-tracking control system diagram for lawn mowers.
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4. Results and Discussion
4.1. Path-Tracking Simulation
4.1.1. Adaptive MPC-Based Path-Tracking Simulation

An adaptive path-tracking simulation platform is built for lawn mowers based on
MATLAB/Adams, and a flat road with an unchanged road adhesion coefficient is set in
Adams. The path is a looping curve, and the MPC controller is implemented through
S-FUSION. It can dynamically describe system changes and achieve variable conversion
based on real-time system changes. The main simulation control diagram is shown in
Figure 14.

P Control quantity Adams Vehicle Model Standard Control Quantity

Adams Vehicle Model

Control quantity conversion module

MPC Path Tracking Controller Time domain optimization module

—— Control quantity  Vehicle status information and reference path information
—1 Predictive time domain Real time vehicle speed -

Figure 14. Structure diagram of the adaptive MPC simulation system.

The purpose of the controller is to accurately and quickly track the reference path
while minimizing deviations and maintaining tracking stability during the tracking process.
According to the controller design mentioned above, path-tracking control is performed by
setting a fixed time domain parameter control group and a model predictive controller in
the adaptive time domain for double-shift simulation experiments and loop path simulation
experiments. The predicted time domain, Np, of the fixed time domain parameter control
group is 15, and the control time domain, Nc, is 3. The constraints of the control quantity
and control increment are shown in Equation (32), and the basic parameters of the model
predictive controller are shown in Table 5.

{ —08m/s<v<08m/s { —01m/s < Av<0.1m/s (33)
—02rad/s < w <02rad/s” | —0.04rad/s < Aw < 0.04 rad/s

Table 5. MPC controller parameter table.

Basic Parameters of the Model Predictive Controller Numerical Value
Sampling time (s) 0.2
Reference speed (m/s) 0.6
Relaxation factor weight coefficient 10
Relaxation factor, ¢ 10
) ) 10 0
Weight matrix, Q )
0 101 , N,
1 0
Weight matrix, R ]
0 1], N

The reference path is set to a looping path, and the simulation results are shown in
Figure 15, and the relevant data are shown in Table 6. From the path-tracking effect, it can
be seen that the fixed time domain controller does not fit the reference path as well as the
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adaptive time domain controller at turns. From Figures 16 and 17, it can be concluded that
the absolute value of the maximum lateral error in the fixed time domain is 0.13 m, the
average value of the lateral error is 0.075 m, the absolute value of the maximum longitudinal
error is 0.135 m, and the average value of the longitudinal error is 0.058 m. The absolute
value of the maximum horizontal error in the adaptive time domain is 0.115 m, the average
horizontal error is 0.043 m, the absolute value of the maximum vertical error is 0.085 m,
and the average vertical error is 0.041 m. From the lateral and vertical deviations of the
path, it can be observed that whether a fixed time domain or an adaptive time domain is
utilized, the error is larger in places with larger turning angles. Overall, the adaptive time
domain has a better effect on path tracking, with smaller errors.

Reference path
Adaptive time domain
94 —— Np=15,Nc3

=

-10 0 10 20 30
X (m)

Figure 15. Effect diagram of looping path tracking.

Table 6. Comparison between the controller parameters of the fixed time domain and adaptive
time domain.

Time Domain Parameters IX’;’ =_135 Adaptive Time Domain Parameters
.=
Absolute value of the maximum lateral error (m) 0.13 0.115
Average lateral error (m) 0.075 0.043
Absolute value of the maximum longitudinal error (m) 0.135 0.085
Mean value of the longitudinal error (m) 0.058 0.041
—— Np=15, Nc=3
— Adaptive time domain
0.15
0.10
C
~ 0.051
-
o
-
@ 0.00
©
& -0.05
+
5
-0.10
-0.15
20 0 20 40 60 8 100 120 160 180
Time (s)

Figure 16. Lateral error results of the path simulation.
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Figure 17. Longitudinal error results of the path simulation.

In summary, the adaptive time domain-based MPC controller performs better in terms
of tracking the looping path than the fixed time domain-based MPC controller and can
adapt to complex orchard environments.

4.1.2. Simulation Experiment Involving the Path-Tracking Controller Combined with
Anti-Slip Drive Control

A predictive controller and a fuzzy controller are built for the slip rate of a lawn
mower model based on MATLAB, and a joint simulation is conducted with the wheel
mower model built using Adams. The simulation structure is shown in Figure 18.

L Tire angular velocity

rolling resistance

Left rear wheel torque

Left front wheel torque

Drive anti slip control module

Output slip rate 1 Right front wheel torque:
Output slip rate 2 Right rear wheel torque :
Tire dynamics model Adams Vehicle Model

Desired speed of driving wheel [4—

Output slip rate
Real time vehicle speed

MPC Path Tracking Controller

Slip rate range judgment

Time domain optimization module

else

if(-0.2<u1<0.2)

Predictive time domain  Real time vehicle speed

module Control quantity Vehicle status information and reference path information ‘—I
ut '—‘7

Figure 18. Simulation structure diagram of the combined anti-slip drive control and path-tracking
control method.

Based on Adams’ random road surface design with varying road coefficients and
reference paths, comparative simulation experiments are conducted on the path-tracking
controller combined with anti-slip driving control and the MPC path-tracking control
approach designed in this paper. Figures 19 and 20 show the slip rate variation curves of
the front-left drive wheel and the front-right drive wheel, respectively. Figures 19 and 20
show that, during the operation of the lawn mower, because of changes in the road adhesion
coefficient, the longitudinal driving force of the lawn mower is inconsistent, and the driving
wheel experiences significant sliding. After adding a fuzzy controller based on the slip
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rate, the slip rate of the lawn mower can be effectively controlled within the target slip
rate range, indicating that, within this reference path and these road conditions, the slip
rate of the driving wheel remains in a relatively good state, and the speed variation of
the driving wheel is not high, resulting in good working performance. When the MPC
controller without added anti-slip driving tracks the reference path, because of the change
in the road adhesion coefficient, the slip rate changes significantly, with a maximum value
close to 0.6. At this time, the lawn mower seriously slips, which has a significant impact on
the resulting path-tracking accuracy. Therefore, the addition of a path-tracking controller
with anti-slip driving ability has the effect of suppressing slip, and the path-tracking effect
is better.

Left front wheel (Add drive non-slip control)

.y Left front wheel (No driver skid control is added)
0.4 -
o
b= 1 1
" 024 '
=
7
0.0
-0.2]

20 0 20 40 € SO 100 120 140 160 180
Time (s)
Figure 19. Comparison diagram concerning the slip rate of the left front wheel of the lawn mower.

Right front wheel (Add drive non-slip control)

0.6 Right front wheel (No driver skid control is added)

0.4

0.2

0.0~ -
[

0.2+

-20 0 20 420 80 80 100 120 140 180 180
Time (s)

Slip rate

Figure 20. Comparison involving the slip rate of the right front wheel of the lawn mower.

As shown in Figure 21, compared with traditional MPC control, the MPC-based path-
tracking controller with added anti-slip drive control fits the reference path better and can
also effectively track the reference path in areas with larger turns.

4.2. Field Trial Verification

Utilizing the lawn-mowing robot platform built in Section 2.1, the fixed reference path
set in Figure 2 is determined through the pre-experimental collection, and path-tracking
control and anti-slip driving control experiments are performed for verification purposes.
The upper computer automatically saves the lateral deviation data and the slip rate data
of the driving wheels during the lawn mower working process and conducts statistical
analyses on the data. The comparative effects of the slip rates of the four driving wheels
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and the lateral and longitudinal path-tracking deviations are shown in the figure. For the
convenience of analysis, the slip rate is taken as an absolute value.

Reference path
Add trace path for non-slip control

T T T T T
-10 0 10 20 30

X (m)

Figure 21. Diagram comparing the actual path and reference path under anti-slip drive control.

As shown in Figures 22-25, without the addition of an anti-slip drive controller,
the amplitude of the slip rate change curve of the lawn mower is relatively large when
driving on the reference path, with an amplitude of approximately 0.5. At this point, the
different driving wheels experience varying degrees of slipping, seriously affecting the
path-tracking effect. After adding an anti-slip controller to the driving wheel, the slip rate
can be maintained within a range of 0-0.2. According to the pre-experimental results and
the slip rate analysis in Section 3.3.2, the working state of each driving wheel is optimal at
this slip rate. In summary, with the addition of an anti-slip drive controller, the absolute
values of the slip rates of the four drive wheels can be maintained within the target slip
rate range. At this time, the longitudinal adhesion coefficient of the road surface remains
in a linear upward range, providing a larger and smoother longitudinal driving force,
improving the stability of the lawn mower during autonomous operation, and reducing
the working energy consumption of the lawn mower.

Right front wheel [no drive anti-slip control
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Figure 22. Comparison diagram concerning the slip rate of the front-right wheel.
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Figure 23. Comparison diagram concerning the slip rate of the front-left wheel.
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Figure 24. Comparison diagram showing the slip rate of the rear-right wheel.
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Figure 25. Comparison diagram involving the slip rate of the rear-left wheel.

During the experiment, actual path-tracking points are also collected and compared
with the expected path points for data analysis purposes. The period for collecting the
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experimental data is approximately 180 s after the lawn mower completes a full reference
path (as shown in Figure 2), with a path length of approximately 95 m. The results in
Figures 26 and 27 indicate that the average absolute values of the lateral errors of the path
points can be controlled within 0.05 m, and the average absolute values of the longitudinal
errors can be controlled within 0.04 m.
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Figure 26. Lateral deviations observed in the orchard pavement test.
0.4
0.35
0.3
0.25
0.2
0.15

0.1

Longitudinal deviation/m

0.05

0o 20 40 60 80 100 120 140 160 180

Time/s

Figure 27. Longitudinal deviations observed in the orchard pavement test.

In this paper, the adaptive time domain MPC and fuzzy control algorithm are com-
bined to establish a path-tracking controller to demonstrate the effectiveness of the path-
tracking control strategy in an orchard environment, which is verified by field experiments.
Considering the instability of the contact between the mowing robot and the surface of the
orchard road, the next step can be used to analyze the constantly changing stress situation
of the mowing robot wheel and design an advanced algorithm and a control strategy to
improve the reliability of the drive anti-skid control.

5. Conclusions

This paper analyzes and establishes a kinematic model based on MPC for a four-wheel
differential mowing robot. The complexity of the given orchard environment leads to
excessive slippage by the driving wheel of the mower, which reduces the stability and
accuracy of the path tracking of the lawn mower. A path-tracking controller is designed for
the lawn mower that consists of an adaptive MPC, fuzzy control, and PID control, which
can control the slip rate of the driving wheel to achieve anti-slip drive control.

/8
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1. The effectiveness of adaptive time domain MPC and traditional MPC path-tracking
controller is compared in a MATLAB simulation. Compared with traditional MPC
control, the adaptive time domain MPC path-tracking controller has an average lateral
error absolute value that is 3.2 cm smaller and an average longitudinal error absolute
value that is 1.7 cm smaller.

2. Simulation experiments are conducted on the designed path-tracking controller com-
bined with anti-slip driving control. The results show that the path-tracking controller
with anti-slip driving control added can effectively maintain the slip rate of the driving
wheel within the designed target slip rate range on random road surfaces, with an
amplitude close to 0.2. The path-tracking controller without an added anti-slip drive
controller exhibits a significant change in the slip rate, reaching an amplitude of 0.5.
At this time, the lawn mower experiences severe slipping on random road surfaces,
which has a significant impact on the effectiveness of path tracking.

3. The field test results show that the lawn mower equipped with a combination of anti-
slip drive control and adaptive MPC path tracking has a good effect on tracking the
reference path. The average lateral error value can be controlled within approximately
5 cm, and the average longitudinal error value can be controlled within 4 cm. At
the same time, the slip rate of the driving wheel can be maintained within the target
slip rate range, indicating that the proposed controller can reduce the sliding of the
driving wheel while ensuring high path-tracking accuracy.
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This study addresses the issues of prolonged testing cycles and high costs
associated with traditional sprayers. Using Computational Fluid Dynamics
method, a simulation model of the gas-liquid coupling flow field for multi-duct
sprayer was established, and the effects of operational parameters, the air outlet
opening angle, interval, and air velocity on droplet deposition and atomization
characteristics were systematically investigated. A multi-factor simulation test
was conducted by constructing a CFD simulation model, performing multi-
polyhedron meshing, and applying the RNG k-¢ turbulence model along with the
Discrete Phase Model. The results demonstrate that as the flow rate increases
from 0.03 kg/s to 0.06 kg/s, the mean thickness of the liquid film and the
uniformity index of its distribution both increased, from 197.3 um and 0.7521 to
340.71 um and 0.8465 respectively. Medium spray angles and small inner
diameter nozzles optimize the uniformity of liquid film distribution, indirectly
revealing the effects of each parameter on droplet deposition and its distribution
uniformity. When the air outlet opening angle increases from 70° to 80° and then
to 90°, the effective working height of the airflow field increases by 0.2 mand 0.1
m, respectively. However, increasing the interval leads to a decrease in the
uniformity of the end velocity. The droplets undergo two atomization events
within the airflow field. Following the first atomization, the particle size increases
due to collisions and merging. The secondary atomization, occurring at a
distance of 1.2 m from the air outlet, reduces the particle size and enhances
deposition efficiency. Furthermore, as the initial air velocity decreases, the
particle size of the droplets within the airflow field tends to increase. The
reliability of the CFD simulation model developed in this study were validated
through a droplet particle size measurement test. The test results demonstrated
that the trend of the measurement values aligned with the simulation values, with
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the relative error ranging from 11.4% to 15.3%. This research reveals the gas-liquid
coupling mechanism within the multi-duct spray flow field, providing a
theoretical foundation for the further optimization and modification of this
sprayer, thereby significantly reducing costs and improving efficiency.

Cfd, multi-duct sprayer, gas-liquid coupling, atomization characteristics, simulation test

1 Introduction

Pests and diseases represent a critical challenge in fruit
cultivation, with their prevention and control being a key
component of effective orchard management (Ma et al., 2021;
Chen et al,, 2023; Xue et al., 2023). Traditionally, chemical
control methods have been widely employed due to their
effectiveness in managing pests and diseases, as well as their ease
of application. However, chemical control methods also present
several significant challenges. Chemical residues may persist,
leading to environmental pollution, food safety concerns, and
potential risks to human health. According to data from the
FAOSTAT pesticide use database, global agricultural pesticide
consumption reached 3.7 million tons in 2022, marking a 4%
increase from 2021 and a 13% rise over the past decade.
However, a significant disparity remains in pesticide utilization
rates among the world’s leading pesticide-consuming countries. The
air-assisted sprayer is one of the most commonly used pieces of
equipment in contemporary orchard plant protection systems.
Specifically, multi-duct air-assisted spraying technology allows
simultaneous application through multiple air ducts. The high-
speed airflow generated by the fan causes the leaves to flip, enabling
droplets to penetrate the branches and canopy interior, thus
enhancing spraying efficiency, uniformity, and overall pesticide
application effectiveness (Gu et al., 2014; Zhai et al, 2021).
However, the operational effectiveness of the sprayer is
constrained by various factors in practical application scenarios
(Jiang et al., 2020). Therefore, conducting research on the sprayer
using simulation method is crucial (Li et al., 2021). Computational
Fluid Dynamics (CED), the product of integrating computer science
and fluid mechanics, has become a vital tool in engineering design
and optimization. Simultaneously, CFD has emerged as one of the
primary methods for both domestic and international scholars to
study the motion characteristics and distribution patterns of the
external flow field in orchard air-conveying sprayers (Zhai
et al., 2021).

Currently, researchers both domestically and internationally
primarily employ CFD simulation method to investigate the airflow
characteristics, distribution of airflow fields, and the droplet
deposition patterns in orchard air-assisted sprayers (Baetens et al.,
2007; Lee et al., 2013; Wei et al., 2023) (Garcia-Ramos et al., 2015).
developed several models of air-assisted sprayers utilizing CFD
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method. These models are capable of simulating the airflow field
produced by the sprayer, incorporating critical parameters such as
velocity, direction, and turbulence intensity. In order to validate the
accuracy of the CFD models, they measured the airflow generated
by the sprayer using a 3D acoustic anemometer and compared the
results with the CFD simulation outcomes to confirm the model’s
reliability (Dekeyser et al., 2013). investigated the airflow
characteristics and droplet deposition patterns of the tower-type
air-delivered sprayer through both simulation and experimental
approaches. The results revealed that droplet deposition on both
sides of the tower-type sprayer exhibited asymmetry, and the
distribution of the pesticide in the vertical cross-section of the
canopy was strongly correlated with the sprayer’s airflow field
(Delele et al., 2007). developed a CFD model to simulate and
validate a cross-flow air-delivered sprayer. The results indicated
that the model effectively predicted droplet dispersion and
deposition during the spraying process, thereby offering a robust
tool for the design and optimization of the sprayer (Gu et al., 2014)
performed an experimental study on the airflow dynamics of the
multi-duct sprayer in orchards. The study demonstrated the
attenuation of wind speed and jet airflow force as they penetrated
the canopy (Endalew et al, 2010). introduced a novel integrated
CFD modeling approach and validated it through numerical
simulations and wind tunnel experiments for air-assisted spraying
in orchards. They also conducted a comprehensive study on the
effects of wind speed and direction on spraying performance (Li
et al., 2023). assessed critical indicators, including spray
performance, droplet size distribution, and spray coverage rate, of
the multi-pipe orchard sprayer using field tests and laboratory
simulations. They optimized the sprayer’s structure using CFD
simulation method to ensure the efficiency of spray airflow and
droplet distribution. The findings indicate that the multi-pipeline
orchard sprayer can substantially increase spray coverage, reduce
pesticide loss, and maintain droplet size uniformity (Huang et al,
2025). used CFD method to model and analyze the airflow field of
the wind-driven sprayer in citrus orchards. The study constructed a
three-dimensional fluid domain model using SolidWorks, which
included the intake zone, rotation zone, diversion zone, and
external flow field zone. The numerical simulation was carried
out using Fluent software. The gas-phase turbulence was modeled
using the RNG k-& model, and the movement of the droplets was
tracked using DPM. The pressure-speed field was coupled based on

frontiers&%



Li et al.

the SIMPLE algorithm. The model was verified through wind speed
boundary experiments. The relative error between the simulated
wind speed at the center axis and the measured value was less than
21%, confirming the reliability of the CFD results; (Duga et al,
2017) developed a 3D CFD model based on computational fluid
dynamics principles to simulate the spraying process of air-assisted
orchard sprayers. This model accurately predicts and simulates the
trajectory of spray drift, reducing drift by at least 50%. The CFD
model developed by (Hong et al., 2018) simulates the airflow
distribution of the air-assisted sprayer within the tree canopy. By
incorporating the sprayer’s movement and the tree canopy’s
influence via sliding mesh method and User-Defined Functions
(UDFs), the canopy is modeled as a virtual porous medium, thus
simplifying the modeling process. The model verification indicates
that the simulation results are generally consistent with measured
data and can reliably predict airflow distribution. It can provide a
reference for improving spray efficiency and predicting spray drift.

In conclusion, both domestic and international researchers have
extensively studied the modeling techniques of external flow fields
and the airflow distribution of various sprayer types. It has been
observed that multi-duct spraying methods significantly enhance
the operational performance of sprayers; however, studies
addressing the gas-liquid coupling in the external flow field at the
multi-duct outlet remain limited. This study aims to investigate the
influence of various factors on the external multi-duct flow field of
the sprayer during operation in orchard environments. A
computational fluid dynamics (CFD) model is employed to
establish the external fluid calculation framework for the multi-
duct sprayer, with the objective of analyzing the gas-liquid coupling
distribution within its external flow field. Based on these findings,
the distribution patterns are derived to inform the subsequent
optimization of sprayer performance and the refinement of
profiling operations.

FIGURE 1

10.3389/fpls.2025.1616371

2 Materials and methods
2.1 Structure and principle

The air delivery system of the orchard’s multi-duct sprayer
consists of a centrifugal fan, an eight-outlet air duct distributor,
flexible air ducts, and air outlets, as illustrated in Figure 1. When the
system operates, the gasoline engine drives the pulley to transmit
power to the transmission shaft of the centrifugal fan, which then
rotates the fan and generates high-speed airflow. The airflow is
directed through the eight-outlet air duct distributor, flows through
the flexible air duct, and is finally expelled through the air outlet.
After mixing with the atomized liquid droplets sprayed from the
atomizing nozzle at the air outlet, the airflow and droplets are
directed into the canopies of the fruit trees on both sides (Yang
et al., 2024).

2.2 Model establishment and meshing

2.2.1 The air outlet structure design

The design of the air outlet structure aims to enhance both the
wind speed and the uniformity of the airflow at the outlet. The air
outlet consists of a cylindrical section, a layout section, and a fan-
shaped section. As shown in Figure 2 below. The cylindrical section
is designed to have a length of 100 mm, the layout section a length
of 130 mm, and the fan-shaped section a length of 100 mm. Four
deflector plates are incorporated within the cylindrical section. The
length of the deflector plates is matched to that of the cylindrical
section. This is intended to enhance the energy transfer efficiency of
the airflow from the flexible air duct to the outlet and effectively
mitigate the energy losses resulting from vortices. The cross-
sectional area of the fluid in the layout section first contracts and

Structure and principle diagram. 1. The air outlet 2. Flexible air duct 3. Eight-outlet air duct distributor 4. Centrifugal fan 5. Gasoline engine.
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FIGURE 2

10.3389/fpls.2025.1616371

Structure diagram of the air outlet. 1. Deflector plates 2. Cylindrical section 3. A layout section 4. Fan-shaped air outlet section 5. Flat fan atomizer 6.

Nozzle fixing frame.

then expands. In the contraction section, the fluid velocity increases
while the pressure decreases. In the expansion section, the velocity
continues to increase while the pressure decreases, contributing to
the further acceleration of the gas flow. The fan-shaped section
serves to augment the vertical flow amplitude while reducing the
cross-sectional area of the fluid, thereby maintaining the air velocity
at the outlet.

2.2.2 Establishment of multi-duct flow field
model

This study aims to investigate the movement characteristics of
droplets in the external flow field of a multi-duct sprayer influenced
by the airflow field, with the goal of offering insights for its
subsequent optimization. Based on the actual working conditions,
a geometric model of the outflow field of multiple air ducts was
created in SolidWorks software to enhance simulation efficiency
and simplify the working area. In this model, the geometry is
simplified into a rectangular domain measuring 1500 mm x 400
mm X 3500 mm, which includes four air outlets and a fluid
computational domain, as illustrated in Figure 3. In the figure,
the black arrow represents the entrance of the airflow into the
computational domain, and the red arrow represents that the
airflow can flow out from here. The area below the computational
domain is regarded as the ground surface, and the airflow cannot
escape from this area.

The established model is imported into SpaceClaim software,
where the fluid computational domain is extracted, and boundary
conditions are defined. The bottom of the model is considered as
the ground surface. In practical applications, airflow in contact with
the ground surface will not escape. Consequently, the bottom
boundary is defined as a no-slip wall. Additionally, the wall at the
end of the computational domain is defined as a solid boundary to
facilitate subsequent analysis of the liquid film thickness. The
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remaining surfaces of the model, excluding the four air outlets,
are considered as surfaces where airflow can escape, and are defined
as pressure outlets. Subsequently, the outer surfaces of the four air
outlets are defined as walls. Finally, the fluid computational domain
is extracted, and the defined model is imported into Ansys Fluent
for further processing (Zhang et al., 2022).

2.2.3 Meshing

Given that the research model in this study incorporates the
multi-channel flow field of droplet movement, the entire model is
partitioned into three distinct regions for meshing. The fluid
computational domain at the air inlet, as well as the region
adjacent to it, undergoes grid refinement, with similar grid
refinement applied at the nozzle particle outlet and its vicinity.
The remaining fluid domain is discretized using polyhedral grids.
Polyhedral grids not only ensure computational accuracy but also
reduce computational costs, while offering high grid division
efficiency. This study has validated grid independence and
identified that the calculation achieves maximum efficiency when
the number of grids is 1149854. The grid diagram of the fluid
calculation domain is shown in Figure 4.

2.3 Gas-liquid coupling numerical model

2.3.1 Turbulence model

The airflow field simulated in this study corresponds to a
physical field that adheres to turbulent flow characteristics.
Currently, the k-& model within the Reynolds-averaged Navier-
Stokes (RANS) framework is the most commonly employed for
simulating gas turbulence. In the Fluent software, the most
commonly utilized k-& models include the Standard, Realizable,
and RNG models. The Standard k-& model is the most
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FIGURE 3
Three-dimensional model of the flow field.

Ground surface

straightforward and fundamental turbulence model among the two-
equation models. It determines the turbulence length and timescales
by solving two independent transport equations. During the
derivation of this model, it is assumed that the flow is fully
turbulent, and the effect of molecular viscosity is negligible. As a
result, the Standard model is only applicable in fully turbulent
conditions. The Realizable k-& model is primarily employed to
address scenarios involving particularly high strain rates in
turbulent flow. The RNG k-& model accounts for the influence of
vortices on turbulence, building upon the Standard k-& model, and
demonstrates superior accuracy and reliability in airflow
simulations. Accordingly, this study adopts the RNG k-& model
and employs its governing equations. The expressions for the
transport equations are as follows:

20, 3(pku)
Jt J Xi

) ok
= 8—xj (akueffa—xj> + G+ Gy —pe— Yy + S5 (1)

2(06) _ 2 (pew)
Jat d Xi

9 oe £ P
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In Equations 1, 2, x represents the spatial coordinate, u is the
component of the velocity vector, k represents the turbulent kinetic
energy, € denotes the dissipation rate, o4 and o are respectively the
inverse turbulent Prandtl numbers of k and & .y represents the
effective viscosity, Gy corresponds to the turbulent kinetic energy
generated by the average velocity gradient, G, is the turbulent
kinetic energy generated by buoyancy, Y, represents the
contribution of wave expansion to the total dissipation in
compressible turbulence, C,&, C,e and Cs¢ are constants, while Si
and S¢ are user-defined source terms.

2.3.2 Droplet motion model
In computational fluid dynamics (CFD) studies of spray fields,
the Discrete Phase Model (DPM) serves as a crucial method for
studying particle motion. It has been extensively validated in the
literature and has been shown to effectively simulate particle
movement within spray fields (Adeniyi et al, 2017). In DPM
simulations, the airflow, representing the continuous phase, is
iteratively solved using the Euler equation, while droplet particles,
representing the discrete phase, are iteratively computed using the
Lagrange equation. Hence, this model is referred to as the Euler-
Lagrange model, and its governing transport equation is presented

in Equation 3 as follows:
by 8CRe | st p)

dt 24ppd; Py 3
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In the formula, v represents the velocity of the continuous phase
(m/s); v, represents the discrete phase velocity (m/s); u represents
dynamic viscosity (Pa-s);Cp, refers to the drag coefficient, Re indicates
the relative Reynolds number, p, denotes the particle density (kg/m?),
p represents the gas density (kg/m’), d, represents the particle
diameter (m), and g represents the gravitational acceleration (m/s?).

The drag coefficient is typically associated with the Reynolds
number. In the Discrete Phase Model (DPM), particles are assumed
to be spherical by default. The expression for the drag coefficient of
spherical particles is provided in Equation 4 below.

o

During the calculation process, since the gas flow density is

24(1+0.15RY%), R, < 1000 @
. 4
0.44,R, > 1000

approximately constant, a pressure solver is selected for the two-
phase steady-state calculation. The pressure-velocity coupling
adopts a simple algorithm (SIMPLE), the pressure is discretized
using the second-order scheme, and the momentum and turbulence
intensity are discretized using the second-order upwind scheme.
Furthermore, when the particle volume fraction is below 10% - 12%,
its effect on the airflow field can be neglected, and the single-phase
coupling method is applied to solve the particle motion problem. By
calculating the changes in momentum and mass of a single control
volume in the model, the effect of airflow on the momentum and
mass of the droplet particles can be determined.

2.3.3 Atomizing nozzle model

This study employs the flat fan atomizer within the Discrete
Phase Model (DPM) framework to simulate the behavior of a fan
atomizing nozzle. When a jet is formed through a flat fan-shaped
nozzle, the resulting impact force is significant, leading to the
formation of uniformly sized droplet particles. The spray range is
broad and adjustable, making it widely applicable in orchard plant
protection operations (Cao et al, 2020). This atomizing nozzle
model is applied at the flat fan atomizer described earlier. Liquid

10.3389/fpls.2025.1616371

flows out from here in the form of particles and enters the entire
fluid calculation domain. Figure 5 illustrates the schematic diagram
of the fan-shaped nozzle, while the key model parameters are
presented in Table 1.

2.3.4 Droplet collision and breakup model

(1) Droplet collision model

The droplet collision model is applicable to collisions
characterized by low Weber numbers, where the outcomes are
limited to merging and rebounding (Jiang et al., 2022). Collisions
among spray droplets occur exclusively within the same
computational grid. When the positions of the internal spray
droplets are uniformly distributed, the probability of capturing
the droplets within the colliding body is:

_ 7[(7'1 - TZ)ZVrelAt

P, v

(©)

In Equation 5, r; and r, represent the radius of droplet 1 and
droplet 2, v, denotes the relative velocity between droplet 1 and
droplet 2, At is the calculation time step, and V is the volume of the
grid cell.

The probability distribution for the number of droplet collisions
follows a Poisson distribution, as shown in Equation 6, k represents
the number of droplet collisions.

Ak

P(k) = i (6)

When two droplets collide, the collision result will also be
determined as merging or rebounding, and the function (Sun
et al,, 2012) of its critical value is as shown in Equation 7.

_ . 2.4f
bcrit - (1‘1 + rz)m

In Equation 8, f is a function of r;/r, and its definition

)

expression is:

FIGURE 4
Fluid computational domain grid diagram.
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FIGURE 5

Schematic diagram of the flat fan atomizer model.
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The value of parameter b, obtained from the collision
calculation, is (r, +r2)\/Y, where Y represents the average
deviation. Droplet coalescence occurs when the impact parameter
b is less than the value b,,; otherwise, they rebound.

(2) Droplet breakup model

Droplets experience shear forces in the airflow field. The
aerodynamic forces acting on them may exceed the capacity of
their surface tension, causing the droplets to deform and fragment
into smaller particles. This process is characterized by the We
number:

pairvzd

We =—"— )
o

In Equation 9, We represents the collision Weber number, p,;,
represents the density of air, v represents the relative velocity, d
represents the droplet diameter, and o represents the surface
tension coefficient.

Ansys Fluent software supports two droplet breakup models:
the Taylor Analogy Breakup(TAB) model and the Wave Breakup
model. The TAB model is primarily applied in spray processes with
a low We number and is suitable for low-speed spray processes,
while the wave fragmentation model is applicable when We > 100
and is typically used in high-speed spraying (Marek, 2013). In
conclusion, since this study involves simulating the agricultural
spray operation environment, which corresponds to a low-speed
spray process, the TAB droplet breakage model is selected.

2.3.5 Boundary conditions

During the numerical simulation of gas-liquid coupling, both
initial and boundary conditions must be defined. This section
focuses on the distribution of the external flow field of multiple
air ducts during sprayer operation, where the gaseous phase is
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modeled as air at standard temperature, and the liquid phase is
represented by water liquid, with the particle type specified as
droplets in the Discrete Phase Model (DPM). Based on previous
selections of the centrifugal fan and simulations of the internal flow
field within the air delivery system, the average velocity for each air
inlet and outlet was determined. The air inlets for all the air outlets
were specified as velocity inlets, with a velocity of 45 m/s.
Meanwhile, set the turbulence intensity to 5% and the turbulence
viscosity ratio to 10. The gas-liquid two-phase flow model
incorporates the DPM model, building on the single-phase
airflow field model. The boundary condition for the wall at the
end of the computational domain is specified as a trap, with the
liquid film wall option simultaneously activated. The remaining
outlet boundaries and the ground wall are set as escape boundaries,
where droplet particles are allowed to exit. The walls of the four air
outlets are designated as reflective boundaries, meaning that
particles will be reflected upon contact.

TABLE 1 Key parameter settings of the flat fan atomizer model.

Name of parameters Value

X-fan normal vector 0
Y-fan normal vector 0
Z-fan normal vector 1
Flow rate(kg/s) a
Spray angle(deg) b
Orifice width(mm) c
Flat fan sheet constant 3
Dispersion angle(deg) 6

In the table, a, b, and ¢ represent the values of flow rate, spray angle, and orifice width
respectively.
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2.4 Simulation test on influencing factors
of multi-duct spray operation

The Euler wall liquid film model presents an innovative approach
for simulating the formation and evolution of wall liquid films. It
allows for a more accurate calculation of the adhesion and evolution
processes of liquid films on the wall, providing a more realistic
representation of the formation of wall liquid films by water droplet
particles. Additionally, the thickness of the liquid film serves as an
indirect indicator of droplet deposition. When the spraying
simulation time remains constant, a thicker liquid film correlates
with a higher aggregation of droplets. This indicates that the
effectiveness of droplet deposition improves as the liquid film
thickness increases (Chen et al., 2015). Thus, the liquid film
thickness at the end plane of the computational domain is utilized
as one of the evaluation metrics for the simulation experiments, as
illustrated in Figure 6. Moreover, in the post-processing of Ansys
Fluent, the uniformity index is used to evaluate the uniformity of the
liquid film thickness distribution on the liquid film collection surface,
with values ranging from 0 to 1. A higher value indicates greater
uniformity. Therefore, to indirectly assess the uniformity of droplet
deposition, this study incorporates the uniformity index of the liquid
film distribution as another evaluation metric for the experimental

Film thickness
collection surface

Ground surface

FIGURE 6
Schematic diagram of the liquid film thickness collection surface.
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results, with the simulation outcomes being jointly evaluated using
both indices. Additionally, this study reasonably selects the
experimental factors and determines the range of factor levels
through pre-simulation experiments.

The liquid flow rate at the nozzle outlet quantifies the mass of
liquid discharged from the nozzle per unit of time, serving as a
critical parameter influencing the extent of droplet deposition.
Furthermore, the flat fan atomizer employed in this study allows
for modulation of the spray angle, thereby increasing or decreasing
the spray amplitude at the nozzle outlet. The magnitude of the spray
amplitude influences droplet interactions between sprays from
multiple nozzles, ultimately affecting the final droplet deposition
pattern. The nozzle orifice width directly determines the droplet
particle outlet diameter. The droplet particle outlet diameter
influences the extent of droplet breakage during interactions and
collisions, thereby affecting the atomization efficiency. Additionally,
it exerts a significant influence on the droplet deposition outcome.

In this study, the outlet flow rate, spray angle, and orifice width
of the nozzle are chosen as the primary test factors. The levels for
each factor are carefully selected to ensure a meaningful
investigation. To optimize the simulation process and reduce the
computational scale, only a subset of these levels is chosen for the
simulation experiments. The corresponding test scheme, as
summarized in Table 2, outlines the specific combinations of
these factors for the simulations.

2.5 Simulation test on the influence of the
air outlet opening degree and interval on
the characteristics of multi-duct airflow
field

The degree of opening of the air outlet and its interval
configuration significantly influences the distribution of the multi-
duct spray, as illustrated in Figure 7. In the figure, o denotes the
degree of opening of the air outlet, and W represents the interval
between the air outlets. This study investigates the effect of varying test
levels of air outlet opening degrees and interval on the effective
working height of the airflow field, using CFD simulations.

TABLE 2 Simulation test scheme table.

Test Flow rate Spray angle = Orifice width
groups (kg/s) (deg) (mm)
A 0.03 60 0.6
B 0.04 60 0.6
C 0.05 60 0.6
D 0.06 60 0.6
E 0.03 50 0.6
F 0.03 60 0.6
G 0.03 70 0.6
H 0.03 80 0.6
1 0.03 70 0.4
J 0.03 70 0.6
K 0.03 70 0.8
L 0.03 70 1.0
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FIGURE 7
Schematic diagram of the opening degree and interval of the air
outlet.

However, the simulation content related to the spray was not covered,
so the DPM simulation model was not included in the simulation
process of this section. Furthermore, monitoring was implemented at
the boundary of the computational domain to assess the uniformity of
the velocity distribution within the airflow field and to investigate how
the air outlet opening degree and interval affect this uniformity. This
test provides valuable data and insights that can support the future
optimization of the multi-duct sprayer for profiling spray operations.

If the opening of the air outlet is excessively large, it may result in
the loss of its air-guiding function. Additionally, the spacing between
the air outlets influences the interaction among them. Accordingly, the
levels of the test factors are carefully selected in this study. The design
of the simulation test scheme is outlined in Table 3.

2.6 Simulation test of atomization
characteristics of multi-duct flow field
under the action of airflow field

When spray droplets traverse the external flow field generated
by multiple air ducts, phenomena such as droplet breakage,
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TABLE 3 Simulation test scheme table.

Test The air outlet opening The air outlet
groups degree ofdeg) interval W(mm)

I 70 500
i 80 500
11 90 500
v 70 600
\% 80 600
VI 90 600
VI 70 700
VI 80 700
X 90 700

collision, and coalescence occur due to the influence of the
airflow field. This study aims to investigate the variation of
droplet size under the influence of the airflow field generated by
multiple air ducts, providing simulation data as a reference for the
rational selection of the optimal distance between the multi-air duct
sprayer and the fruit tree canopy to achieve precision spraying.
Previous studies have simulated the internal flow field of the multi-
duct sprayer air distribution system. Based on previous research
data, it can be concluded that when the centrifugal fan operates at
rated speed, the average inlet velocity at the air outlet is
approximately 45 m/s. In this test, three air velocity levels were
chosen for simulation, with 35 m/s, 40 m/s, and 45 m/s
corresponding to schemes A, B, and C, respectively. Meanwhile,
while maintaining other parameters constant, the air outlet opening
degree is set at 70°, the interval is 500 mm, the outlet flow rate of the
flat fan atomizer is 0.03 kg/s, the spray angle is 70°, and the orifice
width is 0.6 mm.

Monitoring planes were set at distances of 0.3 m, 0.6 m, 0.9 m, 1.2
m, and 1.5 m from the nozzle location, denoted as Y1, Y2, Y3, Y4, and
Y5, respectively, as illustrated in Figure 8. Subsequently, the temporal
variations in droplet size on the monitoring surfaces are analyzed to
derive the governing principles of droplet size distribution within the
airflow field, followed by the atomization behavior. Finally, within the
DPM model, the droplet collision, breakup, and merging models are
activated, and the species transport equation is concurrently enabled
for computational resolution.

2.7 Droplet particle size measurement test

To verify the CFD simulation model established in this study
and enhance its credibility in practical applications, this section
presents a droplet particle size measurement test conducted
in the agricultural engineering building of South China
Agricultural University.

The test was conducted using the HNB-PW1000 laser particle
size analyzer. The measurement range of the HNB-PW1000 laser
particle size analyzer spans from 1 pum to 1000 um. Both the
measurement accuracy error and the repeatability error are less
than 1%. Its working principle involves determining the particle size
distribution by measuring the angle and intensity of the scattered
light produced by the interaction of the particles with the laser.
Additionally, due to the excellent monochromaticity and strong
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FIGURE 8

Schematic diagram of the monitoring planes for particle diameter
distribution

directionality of the laser, the analyzer achieves high precision and
accuracy in particle measurement.

Due to the substantial dimensions of the multi-duct sprayer
developed in this study, it is not feasible to assess the entire spray
system. Consequently, this test was limited to testing a single duct of
the multi-duct sprayer. A flat fan atomizer with a 70° spray angle
and a 0.6 mm orifice width was selected for this test. The flow rate
was set to 0.03 kg/s. Simultaneously, an air outlet with a 70° opening
angle was selected. The rotational speed of the centrifugal fan was
calibrated to 961.7 r/min, the rated speed of the fan, corresponding
to an inlet air velocity of 45 m/s at the air outlet. Throughout the
test, the laser particle size analyzer was positioned at a distance d
from the outlet, with d taking values of 0.3 m, 0.6 m, 0.9 m, 1.2 m,
and 1.5 m for five test groups. Each test group was repeated three
times to record the measured droplet particle sizes. The particle size
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is calculated using the volume mean diameter (VMD) of the
measurement values. The average of the droplet particle size
measurements was then calculated as the test value. The droplet
particle size measurement test schematic diagram is shown

in Figure 9.

3 Results and discussion

3.1 Simulation test results and analysis of
influencing factors in multi-duct spray
operations

The simulation results are summarized in Table 4, Additionally,
the simulation results for each group are depicted in Figures 10A-L.
The figure indicates that the regions of highest concentration of
liquid film thickness are primarily located in the middle and lower
sections of the collection surface. This outcome is attributed to the
consideration of gravitational effects on droplet movement in the
simulation process described in this study (Chen et al., 2020). From
the overall analysis of Table 4 and Figures 10A-L, it is evident that
the flow rate has the most substantial effect on the mean liquid film
thickness, whereas the spray angle and nozzle orifice width show no
significant impact on the liquid film thickness but notably influence
the uniformity index of the liquid film distribution.

(1) The influence of flow rate on the thickness and uniformity of
the liquid film

As shown in Table 4 and Figures 10A-10D, an increase in flow
rate leads to a significant rise in the mean liquid film thickness, from
197.31 pm to 340.71 um, suggesting that flow velocity is the
primary factor driving this increase. Concurrently, the uniformity
index increased from 0.7521 to 0.8465, indicating that a higher flow
rate promotes a more uniform distribution of the liquid film. This
can be attributed to the fact that an increased flow rate reduces
droplet aggregation.

(2) The influence of spray angle on the thickness and uniformity
of the liquid film

Receiver

The air outlet

FIGURE 9
Schematic diagram of droplet particle size measurement test
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TABLE 4 Simulation results at different test levels.

T Mean value of liquid Uniformity
est groups fil : .
m thickness(um) index
A 197.31 0.7521
B 252.81 0.8032
C 301.17 0.8325
D 340.71 0.8465
E 196.67 0.7466
F 197.31 0.7521
G 197.28 0.7550
H 19637 0.7068
I 197.42 0.7663
J 197.28 0.7550
K 196.83 0.7073
L 196.72 0.7090

As shown in Table 4 and Figures 10E-10H, the change in spray
angle has a minimal effect on the liquid film thickness, with an
average fluctuation of less than 1 um, suggesting that the spray angle
has little sensitivity to the film thickness. However, the uniformity
index initially increases and then decreases as the spray angle
increases. For group H, which uses a large spray angle, the
uniformity index is the lowest at 0.7068, indicating that an
excessively large spray angle may result in uneven droplet dispersion.

A Cc

Film Thickness Film Thickness Film Thickness
378.46 436.63 483.36
340.61 392.97 435.03
302.77 349.31 386.69
264.92 305.64 338.35
227.08 261.98 290.02
189.23 218.32 241.68
151.38 174.65 193.35
113.54 130.99 145.01
75.69 87.33 96.67
37.85 43.66 48.34
0.00 0.00 0.00

[micron] [micron] [micron] S ‘

G

Film Thickness Film Thickness
380.07 403.77
342.06 363.39
304.06 323.01
266.05 282.64
228.04 242.26
190.03 201.88
152.03 161.51
114.02 121.13
76.01 80.75
38.01 40.38
0.00 0.00

[micron] [micron]

FIGURE 10

Film Thickness
375.17
337.66
300.14
262.62
225.10
187.59
150.07
112.55
75.03
37.52
0.00

[micron]

10.3389/fpls.2025.1616371

(3) The influence of orifice width on the thickness and
uniformity of the liquid film

The analysis of Table 4 and Figures 10I-10L reveals that the
nozzle orifice width has a relatively minor impact on the thickness
of the liquid film, with the fluctuation of the mean value remaining
below lum. This suggests that the orifice width does not
significantly affect the liquid film thickness. The uniformity
index achieves its highest value of 0.7663 when the inner
diameter is at its minimum (Group I). Conversely, when the
inner diameter is 0.8 mm (Group K), the uniformity index
decreases markedly. This suggests that a smaller orifice width
enhances the uniformity of the liquid film. This is attributed to the
fact that a smaller orifice width produces finer droplets, resulting
in a more uniform distribution.

Based on the above analysis, Table 5 is summarized as follows:

As illustrated in Table 5, when selecting operational parameters,
priority should be given to the flow rate, as it has an effective impact
on enhancing the droplet deposition efficiency. Simultaneously, a
moderate spray angle of approximately 70 degrees should be
selected to prevent a large angle, which would result in a
continuous decline in uniformity. Furthermore, nozzles with
smaller orifice width should be employed to optimize the
uniformity index.

D

Film Thickness Film Thickness Film Thickness
519.44 377.19 378.46
467.50 339.47 340.61
415.55 301.75 302.77
363.61 264.03 264.92
311.66 226.32 227.08
259.72 188.60 189.23
207.78 150.88 151.38
155.83 113.16 113.54
103.89 75.44 75.69
51.94 ar.72 37.85
0.00 0.00 0.00

[micron] [micron] [micron]

Film Thickness Film Thickness Film Thickness
380.07 405.27 396.51
342.06 364.74 356.86
304.06 324.22 317.21
266.05 283.69 277.56
228.04 243.16 237.91
190.03 202.64 198.26
152.03 162.11 168.60
114.02 121.58 118.95
76.01 81.05 79.30
38.01 40.53 39.65
0.00 0.00 0.00

[micron] [micron] [micron]

Contours of liquid film thickness for the considered cases: (A) 0.03,60,0.6; (B) 0.04,60,0.6; (C) 0.05,60,0.6; (D) 0.06,60,0.6; (E) 0.03,50,0.6; (F)
0.03,60,0.6; (G) 0.03,70,0.6; (H) 0.03,80,0.6; (I) 0.03,70,0.4; (3) 0.03,70,0.6; (K) 0.03,70,0.8; (L) 0.03,70,1.0.
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TABLE 5 Comprehensive analysis and optimization suggestions.

Test factors

The influence of liquid film thickness

10.3389/fpls.2025.1616371

Influence on uniformity =~ Suggestion on optimization

Flow rate

(0.03-0.06 kgJs) Progressively increase

Spray angle

(50-80 deg) Basically unchanged

Orifice width

(04-1.0 mm) Basically unchanged

3.2 Simulation test results and analysis of
the influence of the air outlet opening
degree and interval on the characteristics
of multi-duct airflow field

The simulation results are summarized in Table 6, while the
results for each test level are presented in Figures 11A-I. A separate
analysis of groups “A, B, C”, “D, E, F”, and “G, H, I” shows that when
the air outlet opening increases from 70° to 80°, the effective working
height of the airflow field increases by 0.2 m. However, when the air
outlet opening increases from 80° to 90°, the effective working height
of the airflow field increases by 0.1 m. Separate analysis of groups “A,
D, G”, “B, E, H”, and “C, F, I’ shows that when the air outlet interval
increases by 100mm, the effective operating height of the airflow field
increases by 0.3 m. Additionally, as illustrated in Table 6, when the
outlet opening degree and interval are increased, the uniformity index
of the airflow velocity distribution at the domain’s end exhibits a
downward trend. This occurs because as the air outlet opening and
interval increase, the interaction strength at each air outlet weakens,
and the areas of high-speed airflow where local interactions occur
decrease. However, it is important to note that when the interval
between the air outlets is 700 mm, the airflow field prevents the
airflow from each air outlet from converging, which may influence the
transport and deposition of the droplets.

3.3 Simulation test results and analysis of
atomization characteristics of multi-duct
flow field under the action of airflow field

Figures 12A-C illustrates the contours of the droplet size
distribution as influenced by the airflow field at three different air

TABLE 6 Simulation results at different test levels.

Effective working Uniformity
Test groups ) \

height (m) index
A 36 0.5955
B 3.8 0.5489
C 39 05221
D 3.9 0.6461
E 41 0.6013
F 42 0.5854
G 42 0.6929
H 44 0.6741
1 45 0.6693
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. The flow rate can be appropriatel
Progressively increase . pprop 7
increased

First increase and then decrease Choose a medium spray angle

Continuously decrease Choose a smaller orifice width

velocity. Additionally, Figures 12A-C summarizes the average
droplet size for each monitoring surface.

As shown in Figures 12A-C, 13, when the liquid is ejected from
the nozzle, the initial atomization occurs as a result of the
interaction between jet instability (Mu et al, 2020) and the
airflow field, leading to a significant reduction in droplet size.
Subsequently, the smaller droplets collide and coalesce in the
airflow field due to their instability, continuing until they reach
approximately 1.2 meters from the air outlet. Once the droplet size
reaches a certain threshold and growth ceases, although the wind
speed has attenuated to some extent, it still exerts sufficient shear
force to induce a second atomization, resulting in a further
reduction in droplet size, which enhances droplet deposition.

As illustrated in Figure 13, the particle size of the droplets
during the first atomization increases as the initial wind speed
decreases, specifically at air velocity of 45 m/s, 40 m/s, and 35 m/s.
This phenomenon occurs because a reduction in wind speed leads
to a corresponding decrease in the shear force exerted on the
droplets, thereby diminishing the degree of atomization.
Furthermore, as the wind speed in the field decays with
increasing lateral distance, a larger initial wind speed results in a
smaller maximum critical particle size achievable through droplet
merging. Additionally, as the droplets travel approximately 1.2
meters from the air outlet and undergo the second atomization,
their particle size also decreases.

As demonstrated in the previous discussion, the atomization
characteristics of spray droplets are notably influenced by the
airflow field as they travel through the multi-channel wind
environment. The findings of this study offer valuable insights for
the subsequent selection of an optimal operational distance between
the sprayer rows. By appropriately selecting the operational
distance, an optimal droplet size can be achieved to suit the
operational requirements of various orchards.

3.4 Results and analysis of droplet particle
size measurement test

The results of the tests are summarized in Table 7. Analysis of
Table 7 reveals that the test values of droplet particle size initially
increase and then decrease as the d value increases, a trend that
aligns with the simulation values shown in Figure 13. Concurrently,
the average of the three measurement values in each test group was
computed, and the relative error between these values and the
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Simulation results at each test level: (A) 70,500; (B) 80,500; (C) 90,500; (D) 70,600; (E) 80,600; (F) 90,600; (G) 70,700; (H) 80,700; (I) 90,700.

simulation values was calculated. The relative errors between the
test values and the simulation values across the five test groups
ranged from 11.4% to 15.3%, all of which were below 16%, thereby
confirming the reliability and applicability of the CFD simulation
model established in this study.
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4 Conclusions

The traditional prototype testing method is time-consuming
and incurs high costs. Utilizing CFD method, this study developed a
fluid simulation model for the multi-duct sprayer and conducted a
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FIGURE 12

Contours of particle size distribution of droplets under the influence of airflow field for three considered values of air velocity: (A) air velocity 45 m/s;

(B) air velocity 40 m/s; (C) air velocity 35 m/s.

series of simultaneous gas-liquid coupling simulations to investigate
the effects of various factors on the multi-duct spray flow field. The
primary conclusions drawn from this study are as follows:

(1) The impact of spray flow rate, spray angle, and nozzle orifice
width on droplet deposition rate and its uniformity was investigated
through a simulation test examining the factors influencing multi-
air duct air-delivery spray operations. During the simulation
experiment, the thickness of the liquid film and its distribution
uniformity were assessed indirectly. The simulation results
demonstrate that as the nozzle flow rate increases from 0.03 kg/s
to 0.06 kg/s, the average thickness of the liquid film rises from

600 - —s=—35m/s
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w
2
Q
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<
a,
k) 4
—8" 300
S
o 200 A
8
2
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0.3 0.6 0.9 12 1.5
Cross range/m
FIGURE 13

Particle size distribution curves of each detection surface for three
considered values of air velocity.

197.31 pum to 340.71 wm, and the uniformity index increases from
0.7521 to 0.8465. This suggests that higher flow rates effectively
enhance droplet deposition and improve distribution uniformity. A
medium spray angle (70°) yields the highest uniformity index for
the liquid film. In contrast, an excessively large angle results in a
significant reduction in uniformity. The nozzle with a smaller
orifice width increases the uniformity index to 0.7663 by
generating finer droplets, outperforming the nozzle with a larger
orifice width. However, it is important to note that excessively small
droplet sizes increase the risk of droplet drift. The influence of this
operational factor provides valuable insights for the further

TABLE 7 The results of droplet particle size measurement test.

Test
values
(m)

The relative error
compared to the
simulation values

Measurement
values of droplet
particle size (um)

d(m)

205.96
197.28
202.58

0.3 201.94 13.1%

291.12
319.16
287.35

0.6 299.21 15.3%

309.41
315.58
312.97

0.9 312.32 13.3%

362.32
355.74
363.44

12 360.50 11.5%

288.63
296.52
290.19

1.5 291.78 11.4%
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optimization of operational parameters for the multi-duct sprayer
in orchard applications.

(2) This study conducted simulation tests to investigate the effects
of the opening degree and interval of the air outlets on spray
operation in multi-ducts. The results revealed the impact of these
factors on both the effective working height and the uniformity of the
velocity distribution at the end of computational domain of the
airflow field. As the outlet opening degree increases from 70° to 80°,
the effective operational height of the airflow field increases by 0.2 m,
and a further increase from 80° to 90° results in an additional increase
of 0.1 m. Moreover, for every 100 mm increase in the outlet spacing,
the effective working height of the airflow field rises by 0.3 m.
Furthermore, the results also show that as both the outlet opening
degree and spacing increase, the uniformity of the velocity
distribution at the end of computational domain of the airflow field
decreases to varying extents. These findings may serve as a reference
for optimizing the profiling spray operations of multi-duct sprayers.

(3) Simulation tests were conducted to examine the atomization
characteristics of droplets in the multi-channel flow field influenced
by the airflow field. Upon ejection from the nozzle, the droplets
undergo initial atomization. Subsequently, due to a rapid reduction
in particle size, the smaller droplets continue to travel through the
airflow field, where they collide and merge with larger droplets,
increasing their size. Upon reaching approximately 1.2 meters from
the air outlet, the droplets undergo secondary atomization due to
the sheer force of the airflow field, resulting in a further reduction in
droplet size, which facilitates deposition within the fruit tree
canopy. This phenomenon provides valuable insights for the
subsequent optimization of row spacing in orchard operations
using multi-duct sprayers.

(4) The reliability of the CFD simulation model presented in
this study was validated by conducting droplet particle size
measurement test. When all other conditions were maintained
consistent with the simulation parameters, and the initial air
velocity at the air outlet was 45 m/s, the trends of the test and
simulation values were similar, with the relative error ranging from
11.4% to 15.3%, which falls within an acceptable range. This
confirms the reliability of the CFD simulation model presented in
this study and its credibility for practical applications.

The conclusions of this study can serve as a reference for further
optimization and enhancement of the operational efficiency of the
multi-duct sprayer in orchards. Additionally, it can provide data
support for the subsequent transformation of conventional
pesticide application practices associated with this sprayer.
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