
Citation: Wu, C.; Tang, X.; Xu, X.

System Design, Analysis, and

Control of an Intelligent Vehicle for

Transportation in Greenhouse.

Agriculture 2023, 13, 1020.

https://doi.org/10.3390/

agriculture13051020

Academic Editors: Francesco

Marinello, Eugenio Cavallo and

Carlo Bisaglia

Received: 25 April 2023

Revised: 3 May 2023

Accepted: 5 May 2023

Published: 7 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

System Design, Analysis, and Control of an Intelligent Vehicle
for Transportation in Greenhouse
Changjie Wu, Xiaolong Tang and Xiaoyan Xu *

Logistics Engineering College, Shanghai Maritime University, Shanghai 201306, China
* Correspondence: xuxy@shmtu.edu.cn

Abstract: Smart agriculture represents a significant trend in agricultural development, given its
potential to enhance operational efficiency and reduce labor intensity. Despite the adoption of
modern greenhouse technologies, such as sensors and automation systems, crop transportation is still
largely achieved through manual labor, largely due to the complex environment and narrow terrain
of greenhouses. To address this challenge, this work proposes the design of an intelligent vehicle that
is capable of transporting crops in a commercial greenhouse, with the aim of improving operational
efficiency and reducing labor intensity. To enable the vehicle to navigate the horizontal and rail
surfaces within the greenhouse, a novel chassis structure is designed that is capable of simultaneous
driving on both ground and rail surfaces. Additionally, the two-dimensional codes is adopted for
positioning and navigation, thereby avoiding the need to modify existing greenhouse road surfaces.
Through the implementation of a comprehensive system-control strategy, the intelligent vehicle
realized various functions, including ground driving, rail driving, moving up and down the rail,
and automatic rail changing. Experimental results demonstrate that the designed intelligent vehicle
successfully meets the basic requirements for crop transportation in a greenhouse, providing a solid
foundation for future unmanned operations.
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1. Introduction

Thanks to improvements in agricultural information and intelligence, the adoption
of smart agricultural systems is rapidly increasing. The combination of computer net-
works, the Internet of Things (IoT), audio and video, wireless communication, expert
systems, and other associated technologies [1] in smart agriculture enable real-time re-
mote monitoring [2], environmental control [3], harvesting [4], disease warning [5,6], and
identification [7,8]. The future of agricultural development will continue to embrace the
trend of smart agriculture. This approach has the potential to enhance agricultural manage-
ment and production models; minimize the consumption of unnecessary resources such as
labor, materials, and finances; and boost the efficiency of agricultural production. The inte-
gration of intelligent vehicles into smart agriculture is progressively enabling agronomic
automation [9,10]. Intelligent vehicles possess a free movement mode, allowing them to
autonomously travel from the farm to a predetermined location. These vehicles exhibit
various features, such as automatic barriers, the real-time transmission of on-site images
and sensor-collected environmental data, and automatic homing [11,12]. Agricultural
robots designed for greenhouses differ from those intended for outdoor farms in terms
of their design and control features as greenhouses are closed environments, unlike open
agricultural spaces. The mobility and trafficability of smart cars for greenhouses pose the
greatest challenges [13,14]. Key technologies include independent navigation, obstacle
avoidance, real-time precise positioning, chassis design, drive control, map exploration
and creation, path planning, and rail railing control.
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The advancement of artificial intelligence and improvements in computer hardware
performance have facilitated the development of intelligent mobile platforms for agricul-
ture. Various types of vehicles are employed in greenhouses, as outlined in a comprehensive
review by Aslan et al. [15]. Greenhouse intelligent vehicles can be classified into crawler,
wheel, and rail types, based on their propulsion systems. The advancement of artificial
intelligence and improvements in computer hardware performance have facilitated the
development of intelligent mobile platforms for greenhouses. Grimstad et al. [16] de-
veloped a low-cost, lightweight, and practical multifunctional agricultural robot mobile
platform that can effectively operate in diverse planting environments. A control drive
system and multi-sensor fusion are utilized for fruit and vegetable transportation systems.
Ye et al. [17] designed a planting plant capable of operating between fruit tree ridges and
on relatively flat ground, featuring an autonomous robotic platform for orchard man-
agement that can turn and walk independently. Li et al. [18] designed a flexible chassis
test prototype based on the principle of four-wheel independent drive and four-wheel
independent steering, in accordance with the actual operational requirements of facility
agriculture. Zhao et al. [19] designed and tested a dual-arm robot for tomato harvesting
in greenhouses, which moves along a rail. Roldan et al. [20], a heterogeneous robot team,
consisting of both ground and aerial vehicles, explored the monitoring of environmental
variables in greenhouses. A greenhouse with a corridor and heating pipes is a type of
enclosed structure that is designed to create an ideal environment for growing plants.
Meng et al. [21] developed a multifunctional intelligent vehicle that can move on both
surfaces. In the Netherlands, a picking robot named "SWEEPER" was designed to leverage
the characteristics of multi-span greenhouse planting conditions, utilizing the heating pipes
present in greenhouses [22].

In addition to the various mechanical types of intelligent vehicles, system naviga-
tion, positioning, and control are crucial for greenhouse vehicles. In terms of navigation,
ground orbital systems can facilitate vehicle movement by installing a steering rail on
the greenhouse floor, thanks to their simple structure, easy installation, and handling.
Typically, orbital navigation comprises two types: ground and hanging. By placing the
vehicle’s guidance route on the rail, the navigation difficulty is reduced. However, this
equipment is subject to strict range limitations, and once the rail is installed, it is challenging
to modify the existing rail path. Railing navigation technology can be applied more broadly.
Other navigation methods include electromagnetic navigation [23], visual navigation [10],
and LiDAR [24,25]. Greenhouse mobile platforms can also employ wheel information for
navigation purposes [26]. In recent years, wireless railing navigation technology has been
utilized in the field of facility agriculture. Positioning and navigation methods based on
wireless technology include sonic positioning and navigation [27,28], wireless local area
networks [29], radio frequency identification [30], and ultra-wideband [31,32]. Railing
navigation is the most widely used navigation method for greenhouse intelligent robots.
Navigation accuracy is influenced not only by sensor precision but also by image and data
processing algorithms. Accurate trajectory railing is a crucial prerequisite for greenhouse
mobile platforms. However, due to errors and disturbances, achieving optimal speed rail-
ing in real applications is challenging [33]. To estimate disturbances and correct modeling
errors, a nonlinear disturbance observer technique was presented in the literature [34].
A sliding mode control strategy based on an extended state observer was proposed to
follow the trajectory of mobile robots while accounting for unknown disturbances and
uncertainties [35,36]. A fuzzy-model-based control framework has also been employed to
address highly uncertain behavior and vehicle dynamics [37].

In recent years, significant advancements have been made in greenhouse intelligent
mobile platforms. Table 1 highlights the various types of intelligent vehicles designed for
use in greenhouses, showcasing a diverse range of driving road conditions. To accom-
modate these differing conditions, intelligent vehicle designs are categorized according
to their respective driving mechanisms, including single-wheel drive (1WD), two-wheel
drive (2WD), four-wheel drive (4WD), and four-wheel drive with independent steering
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(4WD4S). To switch between different rows, manual and automatic methods are employed.
Of the various automatic row-switching methods, only a few include the capability to
switch seamlessly between rail and flat roads. To solve this problem, this work designs an
intelligent mobility platform for various driving surfaces in greenhouses. The contributions
of this work are as follows:

• The design of an intelligent vehicle for greenhouses, which can automatically switch
between rail and flat ground;

• The adoption of a low-cost, reliable method for vehicle positioning and navigation
without changing the existing environment;

• The verification of the effectiveness of a designed vehicle on road surfaces, and track
driving and rail switching via a greenhouse test.

Table 1. Different vehicles used in greenhouse.

Year Reference Mobility Terrain Rows Switching

2002 [38] 2WD Rail Manual
2005 [39] 6WD Sand and concrete Automatic
2011 [40] 3WD Concrete Automatic
2013 [41] 4WD Sand Automatic
2016 [42] Track Earth Manual
2016 [43] 4WD4S Earth Automatic
2017 [18] 4WD4S Earth Automatic
2019 [44] Track Earth Automatic
2019 [45] 1WD Monorail Rail-guided
2019 [22] 2WD Rail Rail-guided
2020 [46] 2WD Concrete Automatic
2020 [47] 4WD4S Sand Automatic
2021 [26] 4WD4S Earth/Concrete Automatic
2021 [24] 4WD Earth Automatic
2022 [48] 2WD Concrete and rail Automatic
2022 [10] 2WD Earth Automatic
2023 [49] 4WD Plastic woven mesh Automatic

2. System Requirement and Design
2.1. Environment of Greenhouse

This work was carried out in a commercial greenhouse in accordance with the standard
NEN-EN 13031-1:2019/AC:2022. This standard outlines the essential design and construc-
tion guidelines for commercial greenhouses, such as the heating system. The heating
pipes are strategically placed throughout the greenhouse to ensure even heat distribution.
Usually, these pipelines can also carry vehicles, which is convenient for workers to carry
out similar picking and spraying operations. In the existing operation process, the work
vehicle is manually operated. After working in one row, it is then manually changed to
another row, and the operation is repeated until the finish the last row. In this work,
the greenhouse measures 150 m in length and 200 m in width, featuring a transparent glass
roof and a light control system to regulate lighting duration. There are two types of internal
road surfaces: a flat concrete road and a tube rail, which serves as the heating pipe. The rail
is situated on one side of the flat concrete surface, with an internal support mechanism
ensuring that the rail remains level. The current operating method is manual, requiring
effort to transition the vehicle between the flat concrete road and the rail, which can be
particularly labor-intensive during harvest and planting seasons. The rail length is 150 m,
the rail width is 0.48 m, the rail diameter is 0.05 m, the distance between two adjacent rails
is 1.6 ± 0.1 m, and the width of the flat concrete road surface is 2.5 m.

The intelligent vehicle serves as the fundamental platform for transportation, and it
must possess specific load capacities. The unloaded mass of the vehicle should be less
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than or equal to 50 kg, and the rated load should be greater than or equal to 100 kg.
The vehicle must maintain stability when operating on both the rail and ground. Dual-
mode functionality with automatic transitioning is necessary to fulfill the requirements
for movement on rails and ground surfaces. Table 2 shows the design requirements of
intelligent vehicle for greenhouses. Additionally, the vehicle must exhibit adequate speed
and acceleration in both ground and rail modes. The positioning and navigation system
of the vehicle should enable it to operate in greenhouses according to predetermined
routes and autonomously travel to accurately reach target points. Consequently, the design
requirements for the plant-protection vehicle include:

• The intelligent vehicle must autonomously switch between flat ground and rail with-
out altering the existing internal environment of the greenhouse.

• The positioning and navigation system should be as simple and feasible as possible,
enabling unattended or remote control functionality within the closed environment of
the greenhouse.

• The designed plant-protection vehicle must have a sufficient carrying capacity to
perform tasks such as transportation or spraying.

Table 2. Requirement of the designed intelligent vehicle.

Items Unit Requirements

Maximum rated load kg 100
Speed on the ground m/s 0.5
Working speed on rail m/s 0.5
Non-working speed on rail m/s 1
Change between rail and rail - Automatic
Change between rail and ground - Automatic

2.2. Vehicle Chassis Design

The vehicle chassis primarily comprises two components: the driving mechanism
for flat ground and the tube rail. The driving mechanism of a intelligent vehicle typically
involves two aspects: wheel-driven and roller-driven. The wheel-driven mechanism is
primarily used for operation on horizontal ground and is achieved by installing four
mecanum wheels on the chassis. Conversely, the roller-driven mechanism is primarily used
for operation on rails and is achieved by installing two rollers on the chassis. The system
structure of the driving mechanism is depicted in Figure 1.
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Figure 1. Overall diagram of the vehicle.

The intelligent vehicle primarily consists of a mecanum wheel-drive mechanism, a
roller drive mechanism, a control module, a positioning navigation module, and other
components. The main materials used for the vehicle are aluminum and acrylic plastic.
The mecanum wheel drive and roller drive mechanism are mounted on the bottom of the
vehicle, including the mecanum wheel, motor, rubber-coated roller, guide wheel, and other
auxiliary modules. The control module and power supply for the vehicle are installed in
the middle of the vehicle, while the positioning navigation module, which mainly consists



Agriculture 2023, 13, 1020 5 of 15

of a two-dimensional code scanner, is mounted at the front of the vehicle. The vehicle
is 0.96 m in length, 0.66 m in width, and 0.28 m in height. The center distance between
the front and rear mecanum wheels is 0.62 m, the center distance between the left and
right mecanum wheels is 0.50 m, and the center distance between the two rollers is 0.48 m.
The mecanum wheel has a diameter of 0.152 m, and the roller has a diameter of 0.082 m.

2.2.1. Ground-Driven Mechanism

The four mecanum wheel drive mechanism is located at the bottom of the vehicle.
Each mecanum wheel is independently driven by a brushless DC motor. The mecanum
wheel consists of rims and rollers. The rollers have two rotational directions, as illustrated
in Figure 2. Mecanum wheels cannot be used individually; they are typically used in pairs,
with two left-handed and two right-handed wheels, to achieve arbitrary movement on the
horizontal plane.
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Figure 2. Chassis design of the intelligent vehicle.

There are several ways to install the mecanum wheels, primarily categorized into X-
square, X-rectangle, O-square, and O-rectangle configurations. Here, X and O represent the
shapes of rollers on the four mecanum wheels in contact with the ground, respectively [50].
The wheel drive mechanism designed in this work uses two left-handed and two right-
handed wheels, symmetrically installed in an O-shaped rectangle. The shape of rollers
on the four wheels in contact with the ground is O-shaped, while the center-line of four
wheels is rectangular (as shown in Figure 1). This design allows the vehicle to move in all
directions on the horizontal plane. When the vehicle needs to move on ground, the wheel
drive mechanism is activated. To switch rails, for example, when the operation is completed
on one rail and needs to transition to another, the vehicle only needs to coordinate the four
wheels on the ground surface, traversing the entire body from one rail to another without
steering. The four-wheel mechanism enhances the vehicle’s mobility in the narrow spaces
inside greenhouses, avoiding body posture adjustments such as turning, reducing position
errors, and facilitating unmanned operations.

2.2.2. Tube-Rail-Driven Mechanism

To ensure the smooth operation of the intelligent vehicle on the rail, the roller-drive
device primarily consists of two roller drive mechanisms and two pairs of guide wheels.
The driving motor of the roller driving mechanism is installed inside the roller. When the
vehicle operates on the road surface, the rotating roller is elevated above the ground. As the
vehicle moves onto the rail, the roller is placed on the rail, as illustrated in Figure 2. A pair
of guide wheels is installed at the front and rear ends of the two rollers. This installation
method enables the roller drive mechanism to adjust the vehicle’s attitude before the railing,
ensuring effective railing for the roller drive mechanism. As the rear roller successively
contacts the rail, friction between the roller and rail contact surface ensures the intelligent
vehicle runs smoothly on the rail. The two pairs of guide wheels not only help with vehicle
railing but also prevent the vehicle from overturning or derailing on the rail.
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3. Localization and Navigation
3.1. Localization

Positioning and navigation systems are crucial technologies for autonomous vehicles.
As mentioned before, numerous positioning and navigation methods exist for intelligent
vehicles, with most of them being suitable for open and less complex environments. For po-
sitioning and navigation technology within a greenhouse, it is essential to design a low-cost
and reliable approach to ensure that intelligent vehicles achieve autonomous driving
according to a predetermined route. Some unique characteristics of greenhouses include:

• Most modern greenhouses have glass facades, which allow sunlight to enter and create
shadows from the top support structures on the ground. This makes it difficult to use
image processing technology for positioning;

• The crop growth environment inside a greenhouse is complex, leading to relatively
large location errors when employing wireless positioning methods.

Based on the reasons mentioned above, it is evident that electromagnetic navigation
and two-dimensional code positioning are more suitable for the complex environment of a
greenhouse. Electromagnetic navigation involves setting magnetic wires under the concrete
pavement. However, this method requires the destruction of existing concrete pavement
and demands regular maintenance and repair. Furthermore, when the path changes,
the wire needs to be relaid. On the other hand, the two-dimensional code-positioning
method involves placing it under the rail or on the road surface at the beginning of the
rail, as shown in Figure 3. This navigation method’s two-dimensional code can be attached
to the beginning of the concrete roadside rail, which is less likely to be damaged. It
only requires regular cleaning of dust and debris on the two-dimensional code. As the
path changes, the code simply needs to be moved to the specified location, making it a
simple and feasible solution. Therefore, this work opts for two-dimensional code-based
localization for the vehicle. There are various types of two-dimensional codes, including
Data Matrix, MaxiCode, PDF417, and QR Code. The QR Code, a two-dimensional code
with fast reflection characteristics, is used for positioning. To improve the success rate and
reliability of the vehicle scanning the two-dimensional code, the QR code of each node
is duplicated in horizontal and vertical directions. The same two-dimensional code is
arranged as shown in Figure 3 , ensuring that the vehicle can scan the two-dimensional
code even if there is a pose offset in horizontal and vertical directions. Taking the first row
as an example, the 0A code is arranged at the front of the rail, the 00 code is arranged on
the ground close to the rail, and the 0L and 0R are respectively arranged on the left and
right sides of the 00 code for auxiliary positioning.
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Figure 3. Diagram of the two-dimensional code localization.

3.2. Navigation

Figure 4 illustrates that the intelligent vehicle travels between different tube rails to
complete transportation. To ensure accurate positioning, the QR code at the front and
beginning of each tube rail is scanned twice, while the QR code at the end of the tube rail
is scanned once. For example, when the vehicle scans QR code ‘00’ for the first time, it
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means the vehicle is on the ground and heading towards tube rail No.0. The controller
then directs the wheel drive mechanism to move the vehicle forward by the four mecanum
wheels. Once the loading rail operation is completed, the QR code scanner obtains the ‘0A’
QR code for the first time, indicating that the vehicle has reached the beginning of tube rail
No. 0 and the loading rail operation has been finished. The four mecanum wheels are then
suspended, and the rail-driven mode is activated. The vehicle moves towards the end of the
tube rail, and upon scanning ‘0B’ for the first time, it indicates that the vehicle has reached
the end of tube rail No.0 and needs to execute the rail stop and return action. The roller
is rotated in an opposite direction, and after completing the entire tube rail, the vehicle
returns to the beginning of the tube rail and scans the ‘0A’ QR code for the second time.
This signifies that the vehicle has finished the work on tube rail No. 0 and has reached the
beginning of tube rail No.0. The controller then sends the go down tube rail instruction to
the wheel drive mechanism. After reaching the end of tube rail, the vehicle scans the No.00
code for the second time, signifying that the vehicle has completed the one tube rail action.
The controller sends a horizontal right movement command to the vehicle until it scans
the ‘01’ QR code for the first time, and the positioning action of other rails is carried out
in the same way. Finally, when the mobile vehicle scans the last tube rail QR code for the
second time, the system determines that the vehicle has completed its work and returns.
In summary, the intelligent vehicle uses the QR code positioning system to determine its
current position and accordingly executes the next action command.
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Figure 4. Schematic diagram of vehicle positioning and navigation in the greenhouse.

4. Modelling and System Control
4.1. Vehicle Model

The plant-protection vehicle in Figure 5 has an O-rectangular layout for its mecanum
wheel mechanism on the chassis. Assuming that the vehicle is running on level ground,
the wheel drive mechanism is treated as a rigid body. To analyze the vehicle’s motion,
a coordinate system XOYZ is established with the geometric center of the wheel drive
mechanism as its origin O. The motion of the vehicle on the ground is decomposed into
three independent components: translation along the x-axis; the y-axis; and rotation about
the z-axis. The positive direction along the x-axis is forward, the positive direction along
the y-axis is rightward, and the positive direction along the z-axis is counterclockwise.
The wheel numbers are indicated in Figure 5.

4.1.1. Kinematics Model

The kinematics of the vehicle can be expressed as follows:

 v̄X
v̄Y
ω̄Z

 =
R
4

 1 1 1 1
−1 1 1 −1

− 2
(lX+lY)

2
(lX+lY)

− 2
(lX+lY)

2
(lX+lY)




ω1
ω2
ω3
ω4

 (1)
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Figure 5. Diagram of vehicle kinematics.

The inverse kinematics can be expressed in the following matrix:


ω1
ω2
ω3
ω4

 =
1
R


1 −1 −(lX+lY)

2
1 1 (lX+lY)

2
1 1 −(lX+lY)

2
1 −1 (lX+lY)

2

 =

 v̄X
v̄Y
ω̄Z

 (2)

where ω1 is the angular velocity of the mecanum wheel on the front left, ω2 is the angular
velocity of the mecanum wheel on the front right, ω3 is the angular velocity of the mecanum
wheel at the rear left, ω4 is the angular velocity of the mecanum wheel at the rear right;[
v̄x, v̄y, ω̄z

]
is the speed of vehicle in the x (horizontal) direction and y (vertical) direction,

and the rotation speed in the counterclockwise direction around its geometric center; r is
the radius of the mecanum wheel; and lx, ly are the distance from the geometric center of
the vehicle to the center of the mecanum wheel in the horizontal and vertical direction.

4.1.2. Dynamics Model

The dynamics of the mobile vehicle is modeled using the Lagrangian method while
taking some simplifying assumptions into account. These assumptions include:

• The vehicle moves on a flat surface, with no potential energy change;
• The inertia of the mecanum wheel rollers is negligible;
• The vehicle’s self-coordinate system is situated at its center of gravity.

According to the kinematic equation established by Equation (1), the following can be
obtained: 

v̄2
x =

( r
4 × (−ω1 + ω2 − ω3 + ω4)

)2

v̄2
y =

( r
4 × (ω1 + ω2 + ω3 + ω4)

)2

ω̄2
z =

(
r
4 × 1

lx+ly
× (ω1 − ω2 − ω3 + ω4)

)2
(3)

The kinetic energy Ek of vehicle system can be written as

Ek =
1
2

m
(

v̄2
x + v̄2

y

)
+

1
2

Izω̄2
z +

1
2

Iω

4

∑
i=1

ω2
i (4)

where m is the total mass of the plant-protection vehicle; Iz is the moment of inertia of the
vehicle in z-axis direction; Iω is the moment of inertia of the mecanum wheel; and ωi is the
angular velocity of the ith mecanum wheel.
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Each mecanum wheel force of the vehicle can be obtained as follows:

T = τ + Tg + Tf (5)

where T represents the total driving torque of the mecanum wheel; Tg is the frictional
moment between the mecanum wheel and the ground; and Tf is the frictional moment
on the shaft when the mecanum wheel rotates. Friction moment Tg is the load moment
on the mecanum wheel, which is related to the load of vehicle and the friction coefficient
µ between the mecanum wheel and the ground. In addition, the weight of the vehicle is
distributed to the four mecanum wheels.

Tg = µ
mg
4

r (6)

The friction torque Tf is related to the speed of the mecanum wheel and the axial
viscous friction coefficient f of the mecanum wheel, Tf = f ωi. There, the following
is obtained:

pKTi = τ + µ
mg
4

r + f ω (7)

Considering the vehicle system from a single mecanum wheel, the formulas are
combined to obtain,

pKT


i1
i2
i3
i4

 = m


ω1
ω2
ω3
ω4

+ f


ω1
ω2
ω3
ω4

+ µ
mgr

4


l
l
l
l

 (8)

where KT is the constant of motor torque and p denotes the pole pairs of brushless
DC motors.

4.2. System Control Strategy

After the plant-protection vehicle is powered on, the system is first initialized and the
working mode is selected. In remote control mode, the operator controls the vehicle using a
remote controller. In automatic mode, the controller receives data from the QR code scanner
to determine the vehicle’s current position. Based on this information, the controller
generates the next action command, which includes speed control information for the
mecanum wheel and the roller. The command is sent to the motor drive mechanism,
and the motor is started. The controller uses a closed-loop PID algorithm to control the
speed and current, improving the motion accuracy of the vehicle.

A complete workflow intelligent vehicle of can be divided into four stages: moving
upward onto the rail, working on the rail, moving toward the ground, and row changing,
as depicted in Figure 6. When the scanner scans the QR code with ith at the front of the rail
for the first time, it indicates that the vehicle will go upward onto the rail. The mecanum
wheels drive the vehicle, and the rollers begin rotating towards the rail. When the vehicle
scanner scans the QR code with ith A at the beginning of the rail for the first time, it indicates
that the vehicle has completed the action of moving upward onto the rail. The mecanum
wheels are stops. The vehicle begin to work on the rail. The QR code ith B located at the
end of tube rail indicates the direction in which the vehicle is moving. When the vehicle
scanner scans the QR code with ith A for the second time, it means that the vehicle will go
downward onto the ground. The rollers continue rotating, and the mecanum wheels start
moving downward on the rail. By the time the vehicle scanner scans the QR code ith for
the second time, the vehicle has completed the action of going onto the ground. At this
point, the plant-protection vehicle stops the rotation of mecanum wheels and rollers. Next,
the vehicle moves laterally, starting the rail change operation and entering the next rail
to work.
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Figure 6. The intelligent vehicle working strategy.

4.3. Vehicle Velocity Control

The vehicular operating environment within a singular rail presents a relatively
straightforward control scenario. The primary emphasis of this study lies in the preci-
sion of vehicle control when traversing terrestrial surfaces, specifically in the context of
facilitating sustainable rail switching. According to the kinematic analysis of mecanum
wheel driven mechanism, the vehicle system moving in three directions on the plane de-
pends on the speeds of four mecanum wheels. Therefore, the vehicle platform control can
be transformed into the velocity control of each mecanum wheel. The PID algorithm is
employed to control the motor’s speed, using the difference between desired and actual
speeds as the input value for the controller. The incremental digital PID algorithm is
employed for such purposes,

∆U(k) = Kp(E(k)− E(k − 1)) + KI E(k) + KD(E(k)− 2E(k − 1) + E(k − 2)) (9)

where E(k) represents the deviation between the desired and output values; Kp represents
the proportional gain; KI denotes the integral time constant; and KD signifies the derivative
time constant.

Based on the motion equations of the intelligent vehicle, the control output for the
vehicle speed is translated into control outputs for each individual mecanum wheel system.
The mapping from the speed control input of the vehicle platform to the desired rotational
speed of each mecanum wheel motor is demonstrated in the following equation:


um1
um2
um3
um4

 =
1
R


−1 1 (lX+lY)

2
1 1 − (lX+lY)

2
−1 1 − (lX+lY)

2
1 −1 (lX+lY)

2


 ux

uy
uω

 (10)

where umi (i = 1, 2, 3, 4) represents the control input for the ith mecanum wheel system. ux,
uy, and uw are the output in the x, y, and ω directions.
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5. Vehicle Test and Results Analysis
5.1. System Test Environments

In this study, the mobile vehicle was tested under two working conditions: on the
rail and on the ground, and the automatic control mode was selected for the vehicle’s
movement. Since the vehicle was designed to work on tube rails, the main focus was on
its ability to move upward and downward on the rail. Therefore, only one cycle of rail
working was tested, with the other cycles expected to be similar to this control. The test
results provided the angular velocity of each motor for the mecanum wheel drive, which
determines the vehicle’s pose and accuracy of movement on the rail. As for the roller motors,
an angular velocity sensor could not be installed due to the roller structure’s limitations,
so a current measurement was carried out instead. Each motor-driven mecanum wheel
was labeled as front left (FL), front right (FR), back left (BL), and back right (BR), and the
vehicle’s movement was realized through the coordination of these four mecanum wheels,
as determined by kinematics analysis.

5.2. Results and Analysis

Figures 7 and 8 illustrate the changes in velocity of the mecanum wheels and the
current of the motor during the process of vehicle moving up and down the rail. The entire
test process was carried out to include the automatic rail change, as well as the two times
of moving up and down the rail, as marked in the FL wheel velocity diagram. The analysis
process for the velocity change of the other wheels is the same as that of the FL wheel.
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Figure 7. Velocity variation of mecanum wheels.

As shown in Figure 7, when the vehicle scans the QR code ith for the first time (t = 3 s),
it enters the stage of moving upward onto the rail (S1). The vehicle controller sends the
command to go upward onto the rail and sets the motor speed to 50 rpm. The FL and BL
motors rotate in the opposite direction, while the FR and BR motors rotate in the forward
direction. By 5 s, the motor speed reaches 50 rpm and the intelligent vehicle moves straight.
After about 2 s, the FL and FR wheels of the vehicle are suspended, while the BL and BR
wheels are not yet on the rail, resulting in a large velocity overshoot. After the vehicle scans
the two-dimensional code ith A (t = 9 s) under the rail for the first time, it enters the stage of
forward driving on the rail (S2), where the entire vehicle is on the rail and all four mecanum
wheels are in a suspended state, with all the motors stopped rotating. However, due to
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control noise and error, the motors still have some residual speed. The vehicle is driven by
the roller motor at this point. After operating continuously for about 10 s, the controller
sends an instruction for the vehicle to reverse, entering the reverse driving stage on the rail
(S3). At this stage, the mecanum wheels are still in a no-load condition on the rail, with a
certain speed due to the influence of control noise and error. When the vehicle scans the
two-dimensional code ith A (t = 35 s) in the rail for the second time, it enters the stage of
moving toward the ground (S4). First, the BL and BR wheels of the vehicle make contact
with the ground, followed by the FL and FR wheels.
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Figure 8. Current variation of mecanum wheel motors.

From Figure 8, it can be observed that the velocity of the BL and BR wheels fluctuates
more than the other two wheels, and their driving time is about 1 s longer than that
of the FL and FR wheels. When the vehicle scans the ith QR code for the second time
(t = 39 s), it completes the moving-toward-the-ground process and begins to move laterally.
The transverse movement is completed at t = 44 s, and the vehicle enters the next rail to
perform the same workflow. Throughout the whole process, the motor speed is essentially
controlled at 50 rpm, and the speed overshoot of the BL and BR wheels is relatively large
due to the ground surface not being smooth enough and there being backlash in the
transmission systems. The motor current is mostly maintained at around 2.5 A, and the
current overshoot is very large. The stability of the wheel speed is mainly ensured during
the system control process.

Figure 9 shows the current changes of the roller motor during the mobile vehicle’s
movement on the rail. At the beginning of the vehicle’s upward motion onto the rail stage,
the roller motor was not rotating, and the driving force of the vehicle was provided by the
mecanum wheel. Around 6 s into the process, the roller motor started to rotate, and the
vehicle moved steadily on the rail. The driving current at this stage was approximately
5.5 A. After moving forward for about 10 s, the vehicle began to move backward (t = 21 s).
As the vehicle scanned the two-dimensional code ith A again, the roller motor stopped
rotating, and the vehicle started the downward motion onto the ground stage, which was
driven by the mecanum wheel. It can be seen from the figure that the maximum current
was about 11 A at the start of the roller, mainly to overcome the inertia force of the vehicle.
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6. Conclusions

In this work, an intelligent vehicle was designed for the transportation of crops in a
greenhouse. The vehicle is capable of running on both ground and rail in the greenhouse
and can automatically change its driving mode between the ground and rail. The mecanum
wheel mechanism is used for ground driving, which allows the vehicle to move flexi-
bly. The roller driving mechanism is used for rail driving. The vehicle’s positioning and
navigation are achieved using a two-dimensional code system, which is simple and easy
to implement without damaging the existing greenhouse environment. The test results
demonstrate that the designed intelligent vehicle is capable of performing the functions of
moving upward onto the rail, moving toward the ground, rail movement, and automatic
rail changing. The system can effectively reduce the labor required for crop transportation
in the greenhouse. However, the mecanum wheel is adopted for vehicular propulsion,
necessitating the adherence of all four wheels to the ground surface. Nonetheless, the green-
house corridor’s flooring is composed of concrete, which cannot ensure optimal flat ground.
Additionally, as laborers perform their tasks, water accumulation on the ground may occur,
leading to deviations in the vehicle’s movement trajectory. Future research will first focus
on improving the overall reliability of the vehicle and stabilizing the mecanum wheel
driving on uneven terrains.
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