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Research on the local path
planning of an orchard mower
based on safe corridor and
quadratic programming

Jun Li***, Haomin Li*, Ye Zeng", Runpeng Jiang®,
Chaodong Mai', Zhe Ma*, Jiamin Cai* and Boyi Xiao***
!College of Engineering, South China Agricultural University, Guangzhou, China, ?Guangdong

Laboratory for Lingnan Modern Agriculture, Guangzhou, China, *State Key Laboratory of Agricultural
Equipment Technology, Beijing, China

Introduction: Path planning algorithms are challenging to implement with
mobile robots in orchards due to kinematic constraints and unstructured
environments with narrow and irregularly distributed obstacles.

Methods: To address these challenges and ensure operational safety, a local path
planning method for orchard mowers is proposed in this study. This method
accounts for the structural characteristics of the mowing operation route and
utilizes a path-velocity decoupling method for local planning based on following
the global reference operation route, which includes two innovations. First, a
depth-first search method is used to quickly construct safe corridors and
determine the detour direction, providing a convex space for the optimization
algorithm. Second, we introduce piecewise jerk and curvature restriction into
quadratic programming to ensure high-order continuity and curvature feasibility
of the path, which reduce the difficulty of tracking control. We present a
simulation and real-world evaluation of the proposed method.

Results: The results of this approach implemented in an orchard environment
show that in the detouring static obstacle scenario, compared with those of the
dynamic lattice method and the improved hybrid A* algorithm, the average
curvature of the trajectory of the proposed method is reduced by 2.45 and 3.11
cm™, respectively; the square of the jerk is reduced by 124 and 436 m?/s,
respectively; and the average lateral errors are reduced by 0.55 cm and 4.97 cm,
respectively, which significantly improves the path smoothness and facilitates
tracking control. To avoid dynamic obstacles while traversing the operation
route, the acceleration is varied in the range of -0.21 to 0.09 m/s°. In the orchard
environment, using a search range of 40 m x 5 m and a resolution of 0.1 m, the
proposed method has an average computation time of 9.6 ms. This is a
significant improvement over the open space planning algorithm and reduces
the average time by 12.4 ms compared to that of the dynamic lattice method,
which is the same as that of the structured environment planning algorithm.
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Discussion: The results show that the proposed method achieves a 129%
improvement in algorithmic efficiency when applied to solve the path planning
problem of mower operations in an orchard environment and confirm the clear
advantages of the proposed method.

KEYWORDS

mower robot, safe corridor, path planning, quadratic programming, jerk

1 Introduction

‘Weed control is a crucial aspect of orchard production. Grass
infestation can have adverse effects on soil nutrients, the growing
space of orchard crops, and light availability, ultimately leading to a
reduction in fruit tree yield (Hu et al., 2023). Using mowers with an
autonomous navigation system can significantly enhance the
efficiency of mowing operations compared to the traditional
manual method (Bai et al., 2023; Rai et al., 2023; Thakur et al.,
2023). Path planning is the foundation for achieving autonomous
navigation of lawn mowers. The objective of this strategy is to
compute an optimal collision-free operation path that meets
constraints while minimizing operation costs, such as total
operation distance, operation time, and energy consumption.
Reasonable path planning algorithms ensure operational safety,
reduce the total operating path length and excess coverage, and
improve the operational efficiency of mowers. Promoting the
standardization and normalization of agricultural production
methods is significant for efficient smart agriculture (Yang et al,
2023; Fasiolo et al., 2023).

During normal operations, the mower follows a
predetermined global route. However, when a collision risk is
detected, local path planning is performed to ensure a collision-
free and feasible time sequence that meets kinematic constraints
and avoids obstacles. This is achieved without deviating
excessively from the global route or exceeding the boundaries of
the operating area (Chengliang et al., 2020). Local path planning
algorithms can be classified into several categories, including
graph search-based, sampling-based, curve interpolation fitting-
based obstacle avoidance, artificial potential field-based,
reinforcement learning-based, and numerical optimization-based
local path planning (Bloch et al., 2018; Ren et al,, 2020; Zhong
et al., 2020; Hu et al., 2021; Wang et al., 2021; Zhang et al., 2022;
Zhuang et al., 2023). Graph search-based methods, such as the
A* algorithm and the state lattice algorithm, are capable of
handling high-dimensional data and are suitable for local
planning in dynamic environments. However, these methods are
computationally expensive and have limitations in discrete
resolution. On the other hand, sampling-based methods perform
well in high-dimensional spaces but are prone to expansion failure

in narrow environments and tend to generate overly aggressive
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planning trajectories (Yang and Lin, 2021). Curve-based methods
can generate smooth trajectories, but they are usually
computationally expensive (Xi et al., 2019; Cheng et al, 2022;
Yang et al, 2022). Optimization-based methods, such as those
used by Dmitri Dolgov et al. (Dolgov et al., 2010), can improve the
quality of existing paths. In their study, hybrid A* trajectories were
optimized using numerical nonlinear functions, which performed
well in unstructured and complex environments. The solution
time was controlled in the range of 50-300 ms. The search problem
can be modeled as an optimization problem, in which various
constraints, such as the velocity, acceleration, and minimum
steering radius, are integrated into a unified model for problem
solving. This approach is widely used in autonomous driving and
robotics systems due to its ability to handle dynamic obstacles and
different types of constraints. The proposed method also utilizes
an optimization-based approach.

In a standardized orchard, fruit trees are distributed according
to specific rows and plant spacings, resulting in a highly structured
operation path. Weeds typically grow between the rows of fruit
trees, which creates a parallel distribution of the operation area
boundary and the operation path, also known as the global
reference route. Therefore, for mowing operations, algorithms
that are applicable to structured environments are more
advantageous than open-space algorithms. Optimization-based
methods are commonly used in structured scenarios with existing
reference lines. In addition to path planning methods in the
Cartesian frame, some approaches transform the planning
problem to different dimensions to reduce complexity. The Frenet
frame is commonly utilized for trajectory planning in structured
environments (Werling et al, 2010). As depicted in Figure 1,
irregularly shaped reference lines in the Cartesian frame are
transformed into straight reference lines in the Frenet frame. This
approach has the advantage of normalizing any road to a straight
tunnel with left and right boundaries. Consequently, the nonlinear
obstacle avoidance constraints in the trajectory planning problem
are converted into linear in-channel constraints. Furthermore, the
motion constraints that were originally coupled are now decoupled
into independent forms in both the longitudinal and lateral
directions (Li et al,, 2016). This reduces the planning dimension.
The Frenet frame-based method allows for the description of the

trajectory planning problem as an optimization problem,

frontiersin.org
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TABLE 2 Comparison of the planning paths.

10.3389/fpls.2024.1403385

Computation

Path Average Integral of jerk? Control error time
deviation (m) curvature (m™) (m?/s®) (m) (s)

Improved hybrid A+ | €20 0.145 0.01 476.00 0.087

ol N 0.3881
(Dolgov etal, 2010) | .y 0259 0.07 993,20 0232
Dynamic lattice mean 0131 0.01 164.06 0.0428

method (Fan 0.022
et al, 2018) max 0476 0.07 287.16 0.0847
mean 0133 0.008 40.38 0.0373

Proposed method 0.0096
max 0.246 0.05 102.00 0.0697

improved hybrid A* method. Moreover, the pedestrian crosses the
operation area at x = 17.

As shown in the data in the table, the algorithm proposed in this
paper ensures the continuity of the mower path, speed and
curvature changes, and at the same time, it automatically adjusts
the longitudinal speed of the mower in the process of obstacle
detouring. This guarantees the safety of the mower operation in
terms of path planning and speed planning, which is favorable for
the control of the mower. The algorithm proposed in this paper,
which features a smaller curvature and lower degree of transverse
motion, exhibited the lowest control error. In addition, due to the
reduced search dimension, the algorithm proposed in this paper
and the dynamic lattice method, which are lateral and longitudinal
decoupling path planning algorithms based on the reference line,
respectively, have a significant advantage in terms of computing
time compared with the path planning algorithms under open
space. The proposed safe corridor search method is characterized
by a reduced number of arithmetic steps in comparison to dynamic
programming. This results in the creation of a convex space for
searching in quadratic programming. Once more, the rapidity of
quadratic programming allows the method proposed in this paper
to have a markedly lower computational time overhead in
comparison to the other two methods. Consequently, the average
computing time is reduced by 398.5 ms and 326.1 ms, respectively,
which guarantees the timeliness and safety of the lawnmower to
make a correct response when it encounters an obstacle.

4 Conclusion

The current open space and structured algorithms for local path
planning in orchard mowing operations have shortcomings in
terms of both computing efficiency and path quality. In this
paper, we propose a local path planning method that utilizes safe
corridors and quadratic programming, Moreover, depth-first search
is implemented to determine detour directions, and safe corridors
are constructed to provide a convex space for the optimization
algorithm. Additionally, piecewise jerk and curvature limits are
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introduced in quadratic programming to ensure higher-order
continuity and curvature feasibility of the path.

During real-vehicle tests, this method plans an obstacle avoidance
path with an average curvature of 0.008 m-1 and generates an average
lateral error of 3.73 cm during path tracking. The algorithm presented
in this paper has an average consumption time of 9.6 ms, which is a
significant improvement compared to the dynamic lattice method
and the hybrid A* algorithm, reducing the average time consumed by
12.4 ms and 387.4 ms, respectively. The algorithmic efficiency is
improved by 129% and 4035%, respectively. The algorithm proposed
in this paper plans an obstacle avoidance path that meets the
maximum curvature requirement of the mower chassis. This
enables the mower to smoothly and stably avoid stationary
obstacles. Therefore, a new path planning method for the
automatic operation of a mower is presented in this paper. We are
continuously refining the pipeline of the method and will conduct
tests on complex and diverse orchard scenarios in subsequent studies
to improve its robustness and broad applicability.
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Abstract

Agricultural tractors account for a substantial portion of greenhouse gas emissions in the
farming sector, necessitating the development of sustainable machinery solutions. This
study systematically reviews the latest advancements in electrification and smartification
technologies for modern tractors, with a particular focus on algorithmic control strategies
and their applications. Architecturally, the study provides a comparative analysis of
four key configurations, pure electric, series hybrid, parallel hybrid, and series-parallel
hybrid, detailing their respective advantages and challenges in energy efficiency and
operational performance. From an algorithmic perspective, three primary methodologies—
rule-based control strategies, optimization algorithms, and reinforcement learning—are
examined for their applicability in energy management and control systems. The research
further explores the integration of intelligent systems in unmanned farming scenarios,
addressing critical challenges such as adaptive path planning in unstructured environments
and multi-machine collaborative operations. A case study on battery-electric tractors
demonstrates practical advancements in battery technology and energy management
systems. Lifecycle cost analysis confirms the long-term economic viability of electrification,
while outlining a forward-looking technological roadmap for sustainable and intelligent
agricultural machinery.

Keywords: electric tractors; electrification; optimization algorithms; energy management;
unmanned farms

1. Introduction

Contemporary society confronts an unprecedented environmental crisis character-
ized by collapsing ecosystems, intensifying climate instability, and deteriorating living
conditions—consequences directly attributable to unsustainable fossil fuel dependence.
These carbon-intensive energy sources, while historically enabling industrialization, now
drive severe pollution and resource depletion globally [1]. Projections indicating peak
oil production by 2030 underscore the critical need for energy transition [2]. Within this
context, agricultural tractors emerge as significant contributors to sectoral emissions due
to their traditional reliance on fossil fuels [3]. Current policy landscapes further challenge
conventional tractor investments while intensifying environmental pressures.

The agricultural sector’s decarbonization consequently hinges on transforming tractor
technologies [4,5]. Traditional models exhibit critical limitations: excessive energy con-
sumption directly impacts crop health and operator well-being through emissions exposure,

Agriculture 2025, 15, 1943

https:/ /doi.org/10.3390/ agriculture15181943

26



Agriculture 2025, 15,1943

2o0f30

while requiring a large amount of manual operation [6], which brings a lot of vibration
shock and safety risks [7-10]. These operational and environmental constraints position
modern tractor systems-integrating electrification, sensing technologies, and intelligent
algorithms—as essential solutions for sustainable farming [11,12].

Electrification and smartization present transformative pathways for agricultural
machinery. Battery electric tractors enable strategic synergy with renewable energy in-
frastructure, particularly benefiting regions with abundant wind/solar resources where
facility agriculture development can leverage spatial advantages [13-15]. The technological
evolution in history has demonstrated continuous innovation: Siemens (Siemens, Berlin,
Germany) invented the world’s first electric tractor, which was driven by a monorail and
designed for rotary tillage [16]. However, these tractors were limited by their tracks, re-
stricting their operational range. Following advancements in battery technology in early
years, battery electric tractors powered by batteries began to emerge in Europe, Amer-
ica, and Japan. The Electric Ox series, manufactured by Canada’s battery electric tractor
company (Electric Tractor Company, Canada) [17], featured a rated power range of 4 to
5.8 kW and incorporated an energy system consisting of six lead-acid batteries. These
tractors were equipped with dual motors to drive the wheels and the power take-off (PTO)
shaft, utilizing transmissions, electronic differentials, and other drivetrains, along with
regenerative braking functions for various operations such as mowing and sweeping. As
we entered the 21st century, the rapid development of new energy technologies facilitated
the application of range-extending technology [18], integrated power electronics, and in-
telligent algorithms in agricultural tractors. Tractors equipped with diesel generator set
range extenders emerged, boasting rated power outputs of up to 225 kW, demonstrat-
ing improvements in fuel consumption and operational efficiency compared to similarly
powered tractors utilizing power shift transmissions. Additionally, John Deere’s Gridcon
(Deere & Company, Moline, IL, USA) [19] model tractor eliminated the cab, replacing
the battery pack with power supply cables while incorporating intelligent features such
as navigation, obstacle avoidance, and automated turning. Concept tractors focused on
pure electric and autonomous driving, such as the Kubota X (Kubota Corporation, Osaka,
Japan) [20], have also been introduced, powered by a combination of lithium batteries and
solar panels. These tractors are equipped with GPS, radar, and other systems, allowing for
autonomous movement in the field. With the integration of Al technology, they possess
advanced information processing capabilities, enabling data sharing to adapt to diverse
terrains and manage various crops. The development timeline of typical models of tractors
is presented in Table 1.

Table 1. The agricultural tractor development history table.

Key Functions and

Year Name Technical Features Energy Type Picture
; . Rail-powered, wheeled .
1912 Siemens First structure, driving rotary tiller Pure Electric

Electric Tractor

opemtions, power 6.8 kKW (External Power)

GE Elec-Trak (General
1973 Electric Company,
Schenectady, NY, USA) [21]

Lead-acid battery driven,
permanent magnet DC Pure Electric
motor, power 5.9-11 kW, for (External Power)
home lawn mowing
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Table 4. Specific information on different types of operation.

Operation Type  Speed (km/h)  Time (min) Average Annual Frequency (Time) Annual Energy Consumption (kW-h)

Land Preparation A
Sowing 3.5
Crop Protection 15
Harvesting 4

45 4 2410
85 2 40.80
22 5 9.68

63 2 34.24

Table 5. Life cycle cost between electric tractor in unmanned farms and 44.1 kw diesel tractor (US §).

Cost Category

The Range of 44.1 kw and 58.8 kw Electric Tractor

(in Unmanned Farms) 441 kw Diesel Tractor

Energy Consumption 60,000-105,000 304,691.7
Maintenance cost 19,314.4-25,953.0 7518.4
Replacing cost 50,446.1-67,261.5 0
Cost of tractors (including tax) 35,767.4-48,061.0 12,045.7
Insurance 13,144.5-17 662.4 3070.0
residual value 15,018.5-20,180.6 3507.7
Total 163,653.9-243,757.3 323,818.1

It can be seen from the table that although the selling price, insurance, maintenance
and replacement costs of electric tractors are all higher than those of traditional diesel
tractors, even when compared with a 44.1 kw diesel tractor, the total annual energy con-
sumption cost drops by nearly 70%, saving nearly 200,000 USD in annual energy costs [157].
The total cost is only 50-75% of that of diesel tractors. the electric tractor demonstrates
significant advantages in energy expenditure. In the future, as the cost and scale of vehicle
manufacturing expand and drive down other additional costs, the total cost will continue
to decline. Labor costs are also substantially reduced, as operations require only 2-3 tech-
nical personnel and maintenance workers, From an environmental perspective, Proctor’s
research found that the reduction in CO, emissions from micro electric tractors can reach
86-89% [158]. In conclusion, with anticipated future reductions in electricity costs and
iterative upgrades in smart technologies leading to further declines in fixed costs, electric
tractors present a highly suitable solution for large-scale farm adoption and exhibit strong

competitive potential in the market.

6. Conclusions

This study provides a systematic review of the current progress in the electrification
and intelligentization of agricultural machinery, with a focus on power management
strategies ranging from pure electric and hybrid architectures to advanced algorithms
such as deep reinforcement learning and model predictive control. Through an integrated
analysis of electric motors, power take-off (PTO) systems, battery management systems, and
holistic control strategies, this article summarizes the notable improvements achieved by
existing technologies in fuel efficiency, operational stability, and algorithmic responsiveness.
Based on this analysis, a projected technology roadmap for the coming years is outlined in
Table 6.

Despite promising advances, the transition from laboratory research to large-scale
industrial application still faces considerable challenges. Although electric and hybrid
systems have demonstrated superior energy efficiency, reduced emissions, and improved
maintainability—particularly in low-speed, high-torque, and precision task scenarios—
their widespread adoption is hindered by limitations in battery energy density, insufficient
driving range, and unsatisfactory economic performance under high-power conditions. In
the domain of energy management, advanced control strategies such as ECMS, MPC, and
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deep reinforcement learning show strong potential in simulation environments for optimiz-
ing power split and enhancing dynamic response. However, their real-world applicability
is constrained by high computational demands, reliance on accurate pre-existing models,
and a lack of sufficient field validation. Furthermore, while recent modeling efforts have
improved the characterization of complex dynamics such as soil-implement interactions
and terrain variations, most models are still developed under controlled laboratory condi-
tions or small-scale trials. The absence of long-term, multi-regional, and cross-seasonal data
impedes the development of accurate and adaptive machine-implement-soil coordination
strategies. At the system level, although unmanned operations and swarm robotics open
new avenues for intelligent farming, issues related to sensor robustness in harsh envi-
ronments, communication reliability, and interoperability with conventional machinery
remain unresolved.

Table 6. Future technology roadmap.

Policy/Industry

Phase Timeframe Technical Focus Application Scenarios .
Recommendations
. . Protected horticulture, iy
Short-term 2025-2030 ng}'t—ener‘gy LFP battel"lesr, . orchards; Purchase subsidies;
hybrid EMS (rule + optimization) . . energy /range standards;
< light-load operations
Hybrid tractors
Solid-state and h_vdlogen fuel cells; mainstream; ﬁgricultu.ra] big data
. tractor-implement-soil wider use of pure platforms;
Mid-term 2030-2035 coordination; edge—cloud electric; interdisciplinary R&D;
decision-making regional unmanned green supply chains
farm pilots
Tractors as Build an integrated
Long-term Beyond 2035 Al-driven autonomous operation;  Ag-loT nodes; Agricultural IoT ecosystem;

closed-loop energy ecosystem integrated energy—

information flows

renewable energy—
microgrid integration
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