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DESIGN AND PERFORMANCE TEST OF REMOTE DRIVING CONTROL SYSTEM
OF SMALL AGRICULTURAL HYDRAULIC CHASSIS
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ABSTRACT

Aiming at the adaptability and safety problems of agricultural machinery in hilly and mountainous areas, the
remote driving control system of agricultural full hydraulic chassis is designed based on ARM-Linux platform.
The whole remote driving system is composed of Web upper computer, server system and chassis drive
system. According to the requirements of chassis operation, the STM32F407 is used as the lower computer
to realize the running control and motion status monitoring of the chassis. Taking the |.MX6ULL as the
hardware platform, the Linux as the software platform, and 4G communications as the Web Server, the remote
driving of the chassis is realized through Web pages on the computer. It can be seen from the test results that
the minimum RTT delay from the Web page driving to the lower computer is 170 ms; the maximum RTT delay
is 1310 ms, and the average RTT delay is 222.75 ms. The real-time interactivity of the control system meets
the needs of remote driving of the agricultural machinery. The research provides a theoretical basis and
technical reference for the development of the remote driving system of the agricultural machinery.
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INTRODUCTION

Due to complex ground conditions, small and micro agricultural machines are more suitable for hilly and
mountainous areas (Wang et al.,2022; Liu, 2018). But these agricultural machines have the problems such as
poor operation adaptability and manned driving safety. These have resulted in low agricultural mechanization
and high agricultural labor costs, restricting the agricultural economic developments in these areas (Liu et al.,
2020; Zheng et al., 2020; Wu et al., 2022). Autonomous driving can engage in agricultural production all day
to solve these problems of agricultural machinery in hilly and mountainous areas (Roshanianfard et al., 2020;
Zhang et al., 2018; Yang et al., 2021). Remote driving can indirectly control the agricultural machinery through
the network, improve driving safety, and reduce the demand for labor. Many researches on vehicle remote
driving have been carried out to improve vehicle adaptability and controllability (Alinaghi Hosseinabadi et al.,
2020; Zhou et al., 2019; Geetha et al., 2020; Wang et al., 2020; Kim, 2019; Aliff et al., 2019; Cuenca et al.,
2019; Han et al., 2022). Taking the radio technology as a communication means and a hand-held remote
controller as a remote control terminal, Gazquez et al. (2016) designed and implemented a remote driving
system for agricultural machinery. Chu et al. (2018) developed a WIFI based-remote driving intelligent
agricultural mobile robot. Wang et al. (2018) designed a remote control system for tracked vehicles based on
LAN and machine vision. The control system cannot transmit images and has short controllable distance.
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Heikkild et al. (2021) designed a remote driving control system on a driving Simulator, which increased
the cost and reduced the portability of operation. Based on the Web page and the 4G network, the remote
driving control system of agricultural full hydraulic chassis is developed. The study provides a theoretical and
technical basis for the development of agricultural machines in hilly and mountainous areas.

MATERIALS AND METHODS
Design of The Hydraulic Drive System
The structure of the chassis hydraulic drive system is shown in Figure 1.
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Fig. 1 - Hydraulic drive system diagram of the chassis
1, 3.- Gear pump; 2 - Double-pump; 4 - One-way valve; 5 - Overflow valve; 6, 12 - Electromagnetism reversing valve;
7 - Hydraulic motor; 8 - Pressure gauge; 9 - Air filter; 10, 11 - Qil filter; 13 — Cylinder

When the engine rotates, the transfer case outputs the power to drive the double-pump and gear pump.
The power output of the hydraulic system is divided into two routes. When the handle of the double-pump
rotates, the valve of the double-pump opens to control the flow of hydraulic oil. Then the hydraulic oil enters
the hydraulic motor through the double-pump, and the output shafts of the motor drives the wheels on the
chassis to achieve walking. When the handle of the hydraulic control valve is pressed, the gear pump opens
and the hydraulic oil enters the hydraulic cylinder through the hydraulic control valve. The hydraulic control
valve controls the motion parameters of the cylinder through its flow rate, driving the movement of small
agricultural machinery behind the chassis.

Establishment of Control Mathematical Model

The controlled object is a hydraulic chassis powered by a diesel engine. The valve handle of the double-
pump is connected to the output shaft of the electric steering gear. Through changing the angle of the steering
gear, the opening of the double-pump valve can be changed to control the output speed of the motor. The

motor changes the track speed and motion state of the chassis through the drive wheels. The control process
of the chassis is shown in Figure 2.
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Fig. 2 - Structure of the chassis control
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The driving system controls the output speed of the hydraulic motor through an electric steering gear to
control the output displacement of the dual pump, realizing the stepless speed regulation of the chassis. Under
the action of the controller, the steering gear outputs the angle through the DC motor and the reduction gear.
The relationship between the parameters in the dynamic process is analyzed, and the mathematical model of
system control is established. The voltage balance of the DC motor is calculated as follows:

u(t) = Li'(t) + Ri(t) + K8, (t) (1)
where u is the DC motor circuit voltage, V; L is the DC motor inductance, H; R is the DC motor resistance, Q;
1 is the DC motor current, A; K. is the back EMF Constant, V.s/rad, and 6, is the output angle of DC motor,
rad.
The relationship between the DC motor current and output torque is as follows:

T=Ki

where T is the DC motor torque, N. m, and Kr is the torque coefficient of DC motor, N- m/A.
The torque balance of the DC motor is calculated as follows:

T(t)=16,"(t)+Bg, ()+M, @)

where J is the moment of inertia, kg-m?; B, is the DC motor damping coefficient, N-s/m; M is the equivalent
load torque on output shaft of DC motor, N-m.

Through the Laplace transformation of Egs. (1), (2) and (3), the transfer function of voltage and output
angle of the DC motor is as follows:

)

0,(s) 1
u@s) K, (T,s*+s)

(4)
where T is the electrical time constant, s.

The transfer function of the motor output angle and steering gear angle is:
0,(s) = K6, (s)
where K; -transmission ratio of reduction gear set.

Combined with Egs.(4) and (5), the transfer function of the DC motor input voltage and the steering gear
output angle is as follows:

®)

d,(s) K.

u@s) K, (T,s"+s) 6

To simplify the modeling process, it is assumed to model under ideal conditions. Setting the speed w,
of the engine to the variable displacement pump is constant, and ignoring the oil pressure prof low pressure
side, the flow continuity of the hydraulic pump is as follows:

Q, (8) =k,@,7(5)=C,, P, (5) -
where (Q, is the output flow of variable displacement pump, m3/s; k, is the displacement gradient of variable
displacement pump, m3rad?; y is the swashplate swing angle of variable displacement pump, rad; w, is the
operating speed of variable displacement pump, rad’s; p; is the oil pressure of high-pressure side, Pa; Cy, is
the total leakage coefficient of the variable displacement pump.

Similarly, ignoring the oil pressure of the low-pressure side, the flow of the high-pressure side of the
hydraulic motor is:

Q, () = Cyu 1y (5) + D, (5)0(s)s +;—° b, (5)s (8)

e
where C,, is the total leakage coefficient of hydraulic motor, m5/(N-s); D, is the hydraulic motor displacement,

m3/rad; V) is the total volume of pump control system working chamber and loop connecting pipe, m3; 8 is the
output angle of the hydraulic motor, rad.
The torque dynamics of the hydraulic motor and load is as follows:
D,,(s)p, (s) = J,0(s)s* + B,0(s)s + GO(s) + T, o)
where J; - total moment of inertia of hydraulic motor and load, N-m-s?; B,, -total viscous damping coefficient of
hydraulic motor and load, N-m-s/rad; G - Stiffness of load, N-m/rad; 71 - Load torque, N-m.
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Assuming the system is a rigid load (G=0) and combined with Egs. (7), (8) and (9), the transfer function
between the swashplate swing angle y of the variable displacement pump and the output angle 8 of the
hydraulic motor is as follows:

o(s) kpwpa)h2
7(s) D, (32 +2w,&5+ a)hz)

(10)
where wy, is the natural frequency of the motor, and £ is the damping ratio.

The relationship between the two is simplified linearly, as follows:

7(5)=K,6,(5) n

In actual operation, there will be a certain delay when the output shaft of the steering gear reaches the
required angle. There will also be a certain delay when the controlled hydraulic motor pressure by the hydraulic
pump reaches the required pressure. Therefore, considering the time-delay link of the system and combined
with Egs. (6), (10) and (11), the transfer function between the input voltage u of the steering gear and the
output angle 6 of the hydraulic motor is as follows:

9(5) Kka)a)h (Tm32+s)
00) DK (5 205 o)

(12)
where / -system delay, s

Since many constant coefficients of the above transfer function are difficult to determine, the
identification box of the MATLAB system is used to fit the specific transfer function. Considering that the drive
system of the chassis is a large time-delay and nonlinear system, and the maximum time-delay of the system
is 150 ms, the transfer function is as follows:

9(8) _ _4.3282 +0.64S e_o_lss
u(s) 2250s’ +6.4s+0.0034 (13)

Design and Selection of System Hardware

The remote driving system consists of the Web upper computer, the server system and the chassis drive
system, as shown in Figure 3. The upper computer is mainly composed of computer equipment that can
connect to the internet. The server system consists of the main controller, camera and 4G module. The chassis
drive system consists of the lower computer, chassis starting elements, chassis traveling elements, detection
elements and PTZ. The starting elements of the chassis include relays, fuel spray nozzle and starter. The
chassis traveling elements include the steering engine, double pump and hydraulic motor. The detection
elements include speed sensor and inertial measurement unit.

Small full hydraulic caterpillar chassis
Lower machine

Start/Stop
lectric rel Diesel
Electric relay engine
Server system speed
Speed sensor Caterpillar
v track
Web a5 Main [ Direction
Upper computer <:::> Module Controller <;> MU Chassis
body
. Walking
Computer equipment .
il . . Hydraulic
Steering engine
. system
Video Attitude
Camera
Steering engine ————————" PTZ

Fig. 3 - Composition and relationship chart of control system

In operation, the main controller sends the image information to the upper computer through the 4G
module, and then receives the control command from the upper computer and transmits it to the lower
computer. The lower machine controls the start and stop of the diesel engine through ON/OFF of the relay.
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The oil pressure of the double-pump and hydraulic motor circuit are controlled by the valve opening of
the dual pump controlled by the chassis steering engine, therefore controlling the speed of the hydraulic motor.
The traveling speed and direction information of the chassis is obtained by reading the detected data of the
encoder and the inertial measurement unit, and the information is uploaded to the upper computer for real-
time display. The main controller is mainly used to build the server system, which requires high-speed, multi-
transaction processing capabilities and much peripheral interfaces. As shown in Figure 4, the . MX6U-ALPHA
development board is determined to be the main controller. The development board uses |.MX6ULL with
Cortex-A7 architecture as the main control chip, the main frequency is 729MHz. The camera provides the
video data for the remote control chassis, which requires a certain vision range and good transmission effect.
As shown in Figure 5, the HBV-1780-2S2.0 camera is selected. Considering the cost, stability and other factors,
EC20 is selected as the 4G network module.

4G module
Nano SIM
Card socket

USB HOST interface

IMX6UL/ULL
Core board
interface

i B Wi ! : \‘3&31
..... - - Si b - ‘l‘;).,,

Fig. 4 - LMX6U-ALPHA development board Fig. 5 - USB Camera

Considering the requirements of the system for real-time and multitask processing capability, the STM32
core board of ARM architecture is selected as the lower computer. According to the structural characteristics
and operating conditions of the chassis, Omron E6B2-CWZ6C is used as the encoder to measure the speed
of the chassis. The resolution is 1000P/R, and the input voltage is DC5V-24V. It is installed at the coaxial
position of the caterpillar and drive wheel, as shown in Figure 6.

Fig. 6 - Encoder object and installation position

Inertial Measurement Unit (IMU) is used to measure the deflection angle of the chassis. As shown in
Figure 7, the six-axis sensor with the chip MPUG050 is selected. It communicates with the main controller
through the IIC interface, and the communication rate is 400 kHz. It has an ADC with 16-bit resolution and a
DMP digital motion processor. The solution frequency is up to 200 Hz, which can greatly reduce the calculation
pressure of the microcontroller.

Fig. 7 - Six - axis Sensor and Installation Position
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The design and installation of the PTZ should ensure the breadth and depth of the camera's field of view.
The PTZ is designed as a 2 DOF mechanism, which can rotate around the x-axis and z-axis by two small
steering engines. The top steering engine is used to change the line of sight, and the bottom one is used to
change the acquisition range. Therefore, the top steering engine that can rotate 180° is selected, and the
bottom steering engine that can rotate 360° is selected. The MG90S is selected as the top steering engine and
the SG90 9G is selected as the bottom steering engine. The two steering engine are driven by PWM pulse;
the effective high level of the pulse is 0.5 ms-2.5 ms; the response speed of the steering engine is 0.12 sec/60°,
and the maximum torque is 1.6 KG/cm. To more comprehensively collect the environmental information, the
PTZ is installed in the front of the chassis bridge, as shown in Figure 8.

Fig. 8 - Figures of physical objects and installation positions of the pan tilt
1 - Installation platform; 2 — PTZ; 3 - Bottom steering engine; 4 -Top steering engine; 5 -Camera

Design of System Software

The system software is composed of the Web upper computer software, the server system software and
the chassis drive system software. The interrelationships and processes are shown in Figure 9.
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The software of the Web upper computer is used to realize the communication function between the
remote driving panel and the upper computer. The control commands are sent to the monitoring video through
the remote driving panel.

The remote driving Web interface is designed with Bootstrap 3.0 and Ajax technology. The server system
software is used to realize the functions of distribution network, video capture, video coding and connection
processing. It provides network connection for upper computer and lower computer through Linux operating
system.

The network information transmission function of the server system is realized through 4G network. The
network channel of the remote control chassis is provided by building a TCP network server. The software of
the drive system is used to realize the functions of lower computer communication, chassis drive and detection.
With STM32F407 as the control core and MDK5 as the software development platform, the walking control
and status detection of the chassis are realized. The lower computer communication is responsible for the data
interaction between the upper computer and the lower computer. The timer is used to drive the steering engine
to control the movement of the chassis and PTZ. The detection function is used to realize real-time detection
of the chassis posture and network status. In this study, the chassis speed is controlled in 0-8 km/h, and the
timer is used to measure respectively the output pulses numerical value of (M, M,igi:) Of the left and right
encoders. The numerical value of output high-frequency clock pulses is Mgr, and the output frequency fig is
20 Hz. The basic timer is used to output the sampling pulse, and the data is read once every 50 ms. The M/T
method is used to calculate the measured chassis speed v (m/s) by the encoder (Akkaya et al., 2020; Jia et
al., 2018).

The calculation is as follows:

|4

right + Vlift _ Zﬂrf

2 ZM

= ( M right +M lift )
high (14)
where:
v is the radius of the drive wheel of the chassis, 0.12 m, and z is the solution of the encoder, z=4000F/R.
The six-axis sensor MPU6050 is used as the inertial measurement unit to measure the travel direction
angle of the chassis. The lower computer converts the quaternion output by the sensor into Euler angle.

The deflection angle of the chassis is as follows:
2wz-2
@ = tan™? (#ﬂ?jzz) (15)
where:

¢ is the driving deflection angle, and w, x, y, and z are the quaternion.

The timer is used to detect the RTT delay between the upper computer and the lower computer. When
the time of two adjacent "GET" instructions exceeds the delay threshold, the lower computer reports an
exception reminder to ensure the real-time interaction of the system. When the network delay is less than 170
ms, there is little impact on the remote driving. When the network delay is greater than 700 ms, the operability
of remote delay will be significantly affected. When the network delay is greater than 1 s, the real-time
interactivity of the remote driving can hardly be guaranteed (Chu et al., 2018; Wang et al., 2018). To ensure
the smoothness and safety of the remote driving, the delay threshold is set as 1 s.

RESULTS AND ANALYSIS
Steering Performance Test

The real-time interactivity of the remote control system is tested through information transmission during
driving and real-time detection of RTT delay. The self-designed hydraulic chassis with a remote driving control
system is selected, where the 4G wireless network is used to access the Internet, and the designed software
platform is used for remote driving. In the test, the chassis was driven along the specified route at 0.6 m/s. The
total travel was about 900 m. The image dates of the surrounding environment and the movement status of
the chassis were observed in real time, and the network delay was recorded. The driving route is shown in
Figure 10.
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Fig. 10 - Roadmap of remote driving

During the chassis driving, the remote control terminal sends the control commands to rotate the PTZ
on the chassis, and the surrounding environment images is real-time collected in the front, left, right and rear
of the chassis. The real-time test results are shown in Figure 11.
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(c) Right environment image  (d) Rear environment image

Fig. 11 - Image acquisition of the surrounding environment of the chassis

The whole remote driving process takes 28 minutes. During the chassis driving, the RTT delay data is
recorded by the upper computer, and the delay data is graphed by MATLAB software. The results are shown
in Figure 12.

(11.45, 1310) —>

RTT delay(ms)

1 1 1 L
0 5 10 15 20 25
Time (min)

Fig. 12 - RTT delay graph from the upper computer to the lower computer
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The test results show that the remote control system can achieve real-time data transmission by the 4G
network. The collection for real-time information is flexible; the collected images are complete and accurate,
and the image display is stable and smooth, meeting the requirements of the control system for the image
collection and transmission of the surrounding environment of the chassis. The remote control system can
timely and accurately collect the parameter information in the traveling process of the chassis, and real-time
control the chassis for traveling through the instructions. Therefore, the control process is safe and reliable.
The delay performance of the control system in Figure 12 shows that the maximum delay time is 1310 ms,
which occurs in 11.45 min. At this time, the chassis waits for the network delay to recover within 1000 ms. The
minimum delay is 170 ms, occurring at 1.76 min. The delay time occurs twice between 700 m/s and 1000 ms.
In this state, the network delay has a significant impact on remote driving. Through calculation, the average
RTT delay is 222.75 ms.

CONCLUSIONS

(1) To improve the controllability and safety of the chassis in hilly and mountainous areas, the remote
driving control system is designed. The control system can better realize the real-time collection and
transmission of the environment images and motion parameters of the chassis through the 4G network. The
remote driving control system can realize the remote control of the chassis through human-computer
interaction, which is flexible, safe and reliable.

(2) The real-time interaction of the remote driving control system is tested. The test results show that
the average delay of data transmission from the upper computer to the lower computer is 222.75 m/s, meeting
the requirements of remote driving for real-time interactivity.

(3) The designed control chassis has a certain mechanical delay. Based on the test, the maximum
mechanical delay of the chassis is about 100 ms, and the response time of the human brain to sudden
situations is about 200 m/s. It can be seen that in case of an emergency, the average delay from the sending
of instructions from the upper computer to the execution completion is about 522 ms. When the speed of
remote driving chassis is 0.6 m/s, the reaction distance is 0.31 m, meeting the setting requirements of remote
control machines.
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