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Abstract

This study proposes an intelligent spraying vehicle speed control system integrating real-
time canopy density detection with a fuzzy PID control algorithm. Utilizing LiDAR-
acquired 3D point cloud data for canopy density calculation, the system dynamically
adjusts PID parameters through fuzzy logic to achieve coordinated optimization of vehicle
speed and spray volume. Based on the designed canopy density prediction model, a
MATLAB/Simulink co-simulation framework integrating canopy perception with vehicle
dynamics was established. Simulation results based on the MATLAB/Simulink platform
demonstrate that the fuzzy PID controller achieves superior performance compared to con-
ventional PID control. While maintaining a tracking accuracy of +0.15 m/s, the proposed
controller reduces speed overshoot by 5.8 percentage points. The developed control system
ensures optimal speed tracking under varying canopy conditions, providing an extensible
technical framework for intelligent sprayer vehicles.

Keywords: precision agriculture; variable-rate spraying; LiDAR; fuzzy control;
dynamic adjustment

1. Introduction

Precision spraying technology serves as a crucial approach to achieving sustain-
able agricultural development, effectively reducing pesticide overuse and minimizing
environmental pollution [1,2] while ensuring efficient weed and pest control. Conven-
tional sprayers typically employ uniform application methods, often resulting in excessive
chemical usage in sparse canopy areas and insufficient dosing in dense regions [34].
In recent years, dynamic variable-rate spraying technology based on 3D canopy mod-
eling has emerged as a research focus [5]. By real-time monitoring of crop canopy
architecture [6], disease distribution, and growth status, this approach dynamically adjusts
spray volume, nozzle activation, and operating speed, significantly improving pesticide
utilization efficiency [7].

Recent advancements in precision canopy management have integrated 3D recon-
struction and intelligent spraying technologies to optimize agricultural input [8-11]. In
canopy modeling, UAV-based Structure-from-Motion (SFM) techniques have achieved high-
resolution reconstructions of crops like maize and soybean [12], while multi-view sensor
fusion has improved accuracy in orchard canopies. Further developments in multi-sensor
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systems enabled simultaneous volume measurement and disease detection, significantly
reducing chemical usage [13]. For spray control, studies have demonstrated the efficacy
of depth-sensing technologies, such as Kinect-based Leaf Wall Area mapping and RGB-
D robotic systems [14]. Decision-making frameworks have also evolved, with targeted
systems like multispectral-based powdery mildew control [15] and NDVI-optimized fungi-
cide application achieving over 65% chemical reduction. Recent innovations, including
swing-fan spray robots and [16] LIDAR-UAV integration, further highlight the potential
for autonomous, input-efficient crop protection.

To address these advancements, this study proposes an intelligent speed regulation
system integrating LiDAR-based real-time canopy density detection with a fuzzy PID
control algorithm. By dynamically adjusting the spraying vehicle’s travel speed, the system
optimizes chemical application. Based on the designed canopy density prediction model, a
MATLAB 2022b/Simulink co-simulation framework integrating canopy perception with
vehicle dynamics was established. Innovatively combining 3D point cloud density com-
putation with fuzzy logic inference, this approach resolves adaptability limitations of
conventional methods in nonlinear scenarios, providing a scalable technical solution for
precision orchard spraying.

2. Materials and Methods
2.1. Variable-Rate Sprayer

The variable-rate sprayer primarily consists of three components: propulsion system,
multi-channel air delivery system, and variable-rate spraying system. The vehicle adopts a
self-propelled four-wheel sprayer platform equipped with full hydraulic power steering,
HST drive system, cable-operated continuously variable transmission, throttle regulator,
and braking system, with an operational speed range of 0-5.6 km/h. The multi-channel air
delivery system mainly includes high-pressure water pipes, water distributors, and eight
blowers (four on each side). The spraying system is mainly composed of a computer, LiDAR,
microcontroller, relays, solenoid valves, and nozzles, with the computer, microcontroller
and relays installed in an electrical control box.

2.2. Sprayer Speed Control System

The sprayer speed control system mainly consists of a vehicle propulsion system,
environmental perception system, spraying control system and navigation control system,
as shown in Figure 1.

: Locomotion Control System }
accelerator  automatic transmission automatic braking

. Navigation
Controller

_____________________

CAN bus

Figure 1. The speed control system of the pesticide application vehicle.

The Robosense RS-LiDAR-16 sensor acquires canopy volume information. Mounted
on the sprayer at an adjustable height of 1.2 m above ground, the sensor’s scanning
range is set to —30° to 0° to scan the entire canopy while minimizing scanning of non-
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canopy objects, with its field of view fully covering the canopy. The computer controller
processes all sensor data in real-time, with its high-performance computing capability
meeting the real-time requirements of canopy volume detection and speed control. During
operation, the computer processes the canopy volume information transmitted by the
laser sensor in real time, calculates the required spray volume, and outputs the results
to the microcontroller. The microcontroller then activates the motor at corresponding
frequencies to control the throttle linkage motor angle on the sprayer, thereby achieving
variable-rate spraying. The navigation control system issues control commands to the CAN
bus, which are received and executed by both the propulsion control system and spraying
control system.

2.3. Variable-Rate Spraying Control Strategy
2.3.1. Canopy Volume Calculation

This study proposes an accurate measurement method for fruit tree canopy volume
based on 3D laser scanning. A laser scanning sensor serves as the core data acquisition
device, featuring +15 mm ranging accuracy and 25 Hz scanning frequency, making it
suitable for 3D measurement tasks in complex environments.

The sensor employs CAN bus protocol for real-time data transmission. The mea-
surement system is installed on a self-propelled four-wheel sprayer with travel speed
maintained at 0.3-0.5 m/s. The sensor is mounted at 1.2 m height with a pitch angle of
15° to optimize canopy scanning coverage.

The data processing pipeline commences with the parsing and validation of raw
hexadecimal data, followed by its conversion from polar to Cartesian coordinates as a
fundamental preprocessing step.

x=r-sinf-cos ¢, (@)
y=r-sinf-sing, 2
z=r-cosb, 3)

where r represents measurement distance, 0 pitch angle, and ¢ azimuth angle.

To enable quantitative analysis of tree architecture, this study performed a multi-stage
processing pipeline on the raw point cloud data. The procedure consisted of three main
phases: preprocessing, structural segmentation, and volumetric quantification, as shown
in Figure 2.
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Figure 2. Tree canopy volume calculation flowchart.

First, the point cloud was preprocessed to reduce noise and interpolate data gaps.
Denoising was achieved using a statistical outlier removal filter (search radius: 0.1 m;
standard deviation multiplier: 1.5), and missing regions were reconstructed using local
linear interpolation, thereby enhancing data continuity for the subsequent steps.

Next, the tree structure was sequentially segmented following a stem-to-crown ap-
proach. The trunk was initially extracted via cylinder fitting or hierarchical clustering,
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and its central axis was used to align the global coordinate system. Once the trunk was
removed, the remaining crown points were separated through horizontal grid partitioning
or Euclidean clustering within the established coordinate framework.

Finally, crown volume was quantified using a slice-based integration method with
polynomial surface fitting. The segmented crown was sliced perpendicular to the trunk
axis at 0.1 m intervals. For each slice, a 2D convex hull was constructed via Delaunay
triangulation. A fifth-order polynomial was fitted to each hull contour to generate a
smooth cross-sectional profile. The total crown volume was then calculated by integrating
these fitted areas along the vertical axis. The calculation of vehicle movement during
spraying and tree canopy volume is shown in Figure 3. The polynomial fitting formula is
as follows [17]:

P(x) = asx® 4+ azx* 4+ a3x® 4+ aox? + ayx + ap, (4)

Numerical integration for cross-sectional area calculation:
A= [ [ xlpis, ©
Trapezoidal rule for total volume computation:

Z (Al + ?i‘f’l) ) AZ, (6)

V:
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Figure 3. Spraying vehicle movement and tree canopy volume chart.

2.3.2. Spray Dosage Calculation

The optimal spray dosage for fruit trees ranges from 0.1 to 0.13 L/m3 [18]. In the
host computer system, after completing the canopy slice volume calculation, the sys-
tem generates real-time motor control signals based on duty cycle formulas. With a
0.9 m spacing between the LiDAR and spray nozzles, the vehicle requires approximately
0.75 s to traverse the detection area when operating at maximum speed (1.2 m/s).

2.3.3. Vehicle Speed Control Strategy

The system employs a hierarchical control architecture to achieve precise sprayer
operation control. The main controller utilizes an Intel NUC 11 industrial computer
(equipped with an i7-1165G7 processor). Core execution devices include the following.

The control system is centered around an ABB ACS880 series variable-frequency
drive, utilizing a PID control strategy enhanced by a fuzzy compensation algorithm to
achieve smooth stepless speed regulation of the vehicle within a range of 0.5 to 5 km/h.
The PID speed control principle is shown in Figure 4. A Danfoss EV220B solenoid valve
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array dynamically adjusts the travel speed based on real-time spraying demand, ensuring
a consistent spray volume per unit area with a control precision of +5%. Furthermore,
an integrated RTK-GNSS positioning module provides high-precision (+2 cm) real-time
positioning, supporting automated path-tracking functionality.

P Ke(i)

+
TargetSpee
getop I K(e()—2e(i-)wei-2)) | Mo.tor U Motor-pulleyﬁ HST swash| V| Spee.d of|
drive device plate vehicle

D Kfe(i)-e(i-1))

actual speed

Figure 4. Vehicle speed PID control schematic diagram.

The system’s software, developed in C++, implements a modular architecture with
four core functional modules: (1) data acquisition, operating at a sampling frequency of
100 Hz; (2) point cloud processing, which employs a ground point cloud segmentation
algorithm based on the PCL library; (3) a control algorithm module featuring an enhanced
fuzzy PID controller; and (4) an execution output module that regulates the throttle linkage
motor with a modulation accuracy of 0.1%. The system adjusts vehicle speed automatically
according to the vegetation point cloud data received from laser radar. Specifically, the
density-speed relationship (Equation (7)) is used to calculate the target speed v,,r based on
the detected vegetation density, thereby achieving intelligent and precise speed control.

Uref = Umin + (vmax - vmin) : (1 - U) )

where v,y and v,,;, represent the maximum and minimum permitted vehicle speeds,
respectively. ¢ represents the normalized canopy density, defined as the ratio of point
cloud points within the canopy volume to the total scanning points in the detection zone.
This parameter was calibrated experimentally by correlating LiDAR-derived volume with
manual measurements of foliage mass. To maintain a constant spray dosage per unit
canopy volume (D), the vehicle speed is inversely adjusted: higher density (¢ — 1)
triggers deceleration (v;,f — vyin), whereas lower density (¢ — 0) allows acceleration
(Vref = Umax), ensuring Dy = Q/(v-A) remains constant, where Q is flow rate and A is
swath width.

All modules communicate via CAN bus to facilitate data exchange and real-time control.

This study develops an enhanced fuzzy-PID hybrid control algorithm for precise speed
regulation of orchard sprayers, utilizing velocity error e(k) as the input variable to dynami-
cally adjust PID parameters through a Mamdani-type fuzzy inference system. The controller
employs a5 x 5 fuzzy rule matrix as shown in Figure 5 and the centroid defuzzification
method. Additionally, it adopts an online parameter self-tuning mechanism and optimizes
the adjustment coefficients AKp, AKi, and AKd through the genetic algorithm [19,20].
By effectively integrating fuzzy logic with conventional PID control, this hybrid strategy
successfully addresses nonlinear control challenges in complex orchard terrains, demon-
strating improved precision, faster response, and enhanced spraying uniformity across
varying topographic conditions while maintaining robust operational performance.
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Figure 5. Fuzzy control algorithm.

3. Simulation and Analysis
3.1. Simulation Model Establishment of Spray Vehicle Speed Control

The simulation is based on the 3WP-500 sprayer model. The developed simulation
model is shown in Figure 6, and it mainly consists of: (1) a canopy density generation
module, (2) a vehicle dynamics module, and (3) a fuzzy logic-based PI speed regulation
module. The canopy density generator was implemented in MATLAB to simulate a
300 m x 40 m orchard plantation with six rows of trees spaced at 8 m intervals. Each tree
was assigned randomized canopy dimensions and density parameters to create realistic
vegetation heterogeneity [21]. The resulting canopy distribution pattern is presented in the
top-view schematic diagram (Figure 7). In the figure, the density of the plant canopy is
represented by the shade of color and the size of the volume.
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Figure 6. Simulation Model of Spray Truck Speed Control.
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Figure 7. Top-down view of tree canopy distribution.

As illustrated in Figure 8, the developed fuzzy PID control module takes canopy
density and dimensional parameters (length, height, and volume) as inputs. The fuzzy
inference system incorporates a 7 x 7 rule base to dynamically adjust the PID parameters
(Kp, Ki, and Kd) based on real-time operating conditions [22]. The optimized control
signals are then processed by the PID controller to achieve precise speed regulation.
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Figure 8. Fuzzy PID Control Module.

The vehicle dynamics module integrates five key components: the Vehicle VCU Sys-
tem, Vehicle Engine Module, Transmission Control Module, Vehicle Dynamics Module, and
Wheels and Tires subsystem [23]. These modules are interconnected via standardized inter-
faces to establish a closed-loop simulation platform that accurately reproduces longitudinal
dynamic responses of sprayer vehicles across varying terrain conditions [23]. The system
provides a reliable virtual testbed for developing and validating control algorithms while
supporting real-time parameter tuning. Its modular architecture ensures strong extensibility
to accommodate complex operational scenarios in precision agriculture applications.

3.2. Analysis of Simulation Results

As demonstrated in Figures 9 and 10, the simulation analysis reveals distinct canopy
density characteristics between the left and right sides, with both raw and smoothed
density curves presented for comparison. The developed canopy generation model success-
fully produces asymmetric density distributions, exhibiting variations not only between
opposing sides but also within each individual side.
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Figure 9. Density Curve of Dual-sided Spraying. (a) Analysis of spray density on the left side.
(b) Analysis of spray density on the right side.
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Figure 10. Comparison of spray density on both sides.

The spray density coefficient for the left-side trees ranges from 0.5 to 1.0, with a mean
value of 0.75 & 0.14, while the corresponding value for the right side is 0.73 £ 0.15. A
moderate positive correlation (r = 0.68) is observed between the bilateral densities, and this
asymmetric distribution poses a significant challenge for the coordinated optimization of
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the control system. Through mean filtering, the system effectively suppresses random noise
in the density signal, thereby providing reliable input data for control decision-making.
To validate the control algorithm performance, comparative tests were conducted
on the sprayer vehicle’s speed response using both conventional PID and fuzzy PID
control strategies. Figure 11 shows the speed tracking curves of the two control strategies
under the same operating conditions. The conventional PID control exhibited significant
overshoot (maximum 12.3%) at canopy density transition points (70 m, 130 m, and 190 m
positions). In contrast, the fuzzy PID control reduced overshoot to 5.8% through real-time
parameter adaptation. Notably, during the high-density segment (I = 120-150 m), the
fuzzy PID controller effectively suppressed speed fluctuations caused by load variations by
strengthening integral action, while conventional PID showed noticeable adjustment lag.

6 5
- = -Expected speed - - -Expected speed
— Actual speed — Actual speed
4.5
5.5
) @
g E 4
SN— 5 N
% Bis
& 5%
4.5
3 |
4 2.5 : .
0 100 200 300 0 100 200 300
Location (m) Location (m)

(@) (b)

Figure 11. Comparison of PID and Fuzzy PID Speed Control. (a) Vehicle speed based on PID control.
(b) Vehicle speed based on fuzzy PID control.

Regarding the speed regulation performance of the sprayer, the system achieved high-
precision speed tracking control. As shown in Figure 12, when the set speed varied within
the range of 2.5-5.5 km/h, the root mean square error of the actual speed tracking was
0.124 m/s, with an overall tracking accuracy exceeding 95%. The system demonstrated
excellent steady-state accuracy and disturbance rejection capability. When the canopy
density was in the high-value region (>0.7), the vehicle speed decreased by 20-30%; in
the low-value region (<0.4), the speed increased by 10-20%. This indicates a negative
correlation between the application density and the actual speed. Experimental results
show that the designed fuzzy PID speed control system can simultaneously account for both
canopy density and canopy volume characteristics during spraying operations, thereby
effectively improving application uniformity. It should be noted that the current study relies
on simulated canopy data generated under ideal conditions. Factors such as wind-induced
canopy movement and sensor occlusion in dense foliage, which could affect real-world
deployment, were not fully accounted for in the simulation phase.
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Figure 12. Graph showing the relationship between tree canopy density and vehicle speed.
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4. Conclusions

This study presents an integrated canopy density mapping and fuzzy PID control
system that achieves precise speed regulation through three key technological innovations:
(1) a developed canopy density prediction model enabling spatial canopy density iden-
tification; (2) a MATLAB Simulink simulation framework incorporating canopy density
inputs, fuzzy PID speed control modules, and vehicle dynamics modules to output sprayer
speed variation curves; (3) simulation results demonstrating superior performance versus
conventional PID control, maintaining tracking accuracy (£0.15 m/s) while reducing speed
overshoot by 5.8%.

The proposed system effectively resolves the inherent conflict between vehicle dy-
namic response and variable canopy loading—where traditional control systems must
compromise between stability (excessive overshoot) and responsiveness (regulation lag).
By dynamically adjusting control parameters based on real-time canopy density, our ap-
proach ensures optimal speed tracking across varying canopy conditions, establishing an
extensible technical framework for intelligent sprayer vehicles. Despite the promising
simulation results, challenges remain in synchronizing the LiDAR data acquisition rate
with the real-time response of the hydraulic propulsion system, particularly under rapid
canopy transitions. Future work will focus on deploying the proposed system on a physical
prototype to validate its performance under actual orchard conditions, including varying
terrain slopes and GPS-denied environments.
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