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RESEARCH ON CURVED PATH-TRACKING CONTROLLER OF RICE
TRANSPLANTER BASED ON H-INFINITY STATE FEEDBACK CONTROL
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ABSTRACT

The accuracy of curved path-tracking for headland turning of transplanters is crucial to maintaining the row
spacing precision required for rice planting. To address this issue, a method based on H-infinity state feedback
control is proposed. In this method, the requirement of robustness is transformed into linear matrix inequalities
(LMis) to optimize the gain coefficients of the control law. The simulation test show that this method
outperforms the Linear Quadratic Regulator (LQR) when facing uncertain parameters (longitudinal speed and
cornering stiffness) and path curvature disturbance. In addition, the field test results show that when the
transplanter tracks a 1/4 circular arc path with a radius of 2 meters, the mean value of the absolute lateral error
and the absolute heading angle error using this controller are 0.029 m and 3.69°, respectively. The maximum
absolute lateral error is 0.072 m, and 64% of the absolute lateral error are less than 0.04 m, meeting practical
requirements. Compared with the LQR controller with feed forward control, the mean value of the absolute
lateral error is reduced by 36%. This method meets the accuracy and robustness requirements for unmanned
rice transplanter turning at the headland.
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INTRODUCTION

Path-tracking control technology is the key to improving the accuracy and efficiency of unmanned
agricultural machinery operations. Unmanned rice transplanters are a typical representative of unmanned
agricultural machinery, and improving the accuracy of rice planting through path-tracking control is an
inevitable requirement for precision agriculture. Currently, the straight-line path-tracking accuracy of unmanned
rice transplanters has basically met the requirements, while the curved path-tracking accuracy still needs to
be improved. The accuracy of curved path-tracking during the headland turning of the rice transplanter affects
the row spacing precision of rice planting in the early stage of each row operation (Li et al., 2023; Gang et al.,
2022). Therefore, the research on curved path-tracking control of rice transplanters is of great significance for
improving the operational precision of unmanned rice transplanters.

The main algorithms applied in agricultural machinery path-tracking control include PID algorithm (Gékge et al.,
2021), fuzzy control (Dekhterman et al., 2024), pure pursuit algorithm (Li et al, 2018), LQR algorithm (Hossain et al.,
2022), MPC algorithm (Simonelii et al., 2023), and sliding mode control (SMC) (Ji et al., 2023).
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In terms of straight-line path-tracking control, Tang et al (2018) improved the adaptability of straight-line
path-tracking of rice transplanters to vehicle speed under pure tracking algorithm control. He et al (2022) and
Chi et al (2022) applied the MPC algorithm to the straight-line path-tracking of rice transplanters and achieved
optimal results. To date, the accuracy of straight-line path-tracking control for agricultural machinery and even
rice transplanters has met the requirements. However, because the curvature of the expected path is not
considered in the design of the straight-line path-tracking controller, the adaptability of the above methods to
curved path-tracking is poor. They are not suitable for being directly applied to curved path-tracking.

Li et al (2018) improved the accuracy of rice transplanter curved path-tracking by adjusting the look-
ahead distance of the pure pursuit algorithm based on vehicle speed and path curvature. They also introduced
a coefficient to multiply the desired front wheel angle when the lateral error exceeds a certain threshold,
enabling the controller to simultaneously control lateral error and heading angle error. However, this approach
does not guarantee the optimal response of the pure pursuit controller to lateral error. Based on the pure
pursuit algorithm, Yang et al (2022) proposed a path-tracking algorithm based on the optimal target point for
agricultural machinery. The curve tracking error was reduced by more than 20% compared to the pure pursuit
algorithm. Although the above methods have improved the adaptability of the path-tracking controller to path
curvature, the controller design is all based on the vehicle kinematic model. This kind of model does not
consider the path curvature factors and has weak adaptability to curved path-tracking (Gong, et al., 2014).
There are also designed curved path-tracking controllers for vehicles based on vehicle kinematic tracking error
models that include expected path curvature factors. For example, based on the vehicle kinematic tracking
error model, Oh and SEO (2023) proposed an adaptive control and sliding mode control based curved path-
tracking algorithm, which further enhances the adaptability of autonomous vehicles to uncertain parameters
based on pure sliding mode control. Kim et al (2023) calculated the tracking error based on image information
and compared the path-tracking control accuracy of LQR and traditional sliding mode control based on the
vehicle kinematic tracking error model. The experimental results showed that LQR was better than traditional
sliding mode control. Taghia et al (2017) used a sliding mode controller with disturbance observer to control
the path-tracking of tractors based on the vehicle kinematic tracking error model. However, the vehicle
kinematic tracking error model ignores the lateral speed. When the rice transplanter performs large curvature
headland turning in paddy fields, the lateral speed is relatively high. Therefore, the above method is also
difficult to adapt to the curved path-tracking of the rice transplanter headland tuming.

The establishment of the tracking error model based on the two-degree-of-freedom vehicle dynamics
simultaneously considers path curvature and lateral speed. Therefore, this paper adopts the tracking error
model based on the two-degree-of-freedom (Two-DOF) vehicle dynamics to design the curved path-tracking
controller for the transplanter. There are three main types of interference in the system after the linearization
of the tracking error model based on Two-DOF vehicle dynamics: the path curvature disturbance caused by
the curved path, the longitudinal speed uncertainty and the cornering stiffness uncertainty caused by the
complex dynamic paddy field environment. Combined with robust control (Su, 20710), the design of the path-
tracking controller can improve the robustness of the controller and reduce the influence of the above factors
on the control accuracy.

Currently, methods for enhancing the robustness of path-tracking controllers for agricultural machinery
often involve supplementing traditional algorithms such as PID and pure pursuit with fuzzy control (Tang et al.,
2018), neural networks (Shojaei and Taghavifar, 2022), optimization algorithms such as PSO (Gékge et al.,
2021), as well as manually designed coefficient determination strategies (Li et al., 2018). These methods
typically require iterative adjustments, consuming considerable time, and may not easily converge to the
optimal solution. The H-infinity state feedback controller is a robust feedback controller (Su, 2010). In the
design, the robustness requirements of the system for uncertain parameters and disturbances can be
transformed into the form of linear matrix inequalities (LMIs), which can be used as a constraint to efficiently
solve the gain coefficient of optimal control law and achieve the robustness of the controller. In recent years,
the application of H-infinity state feedback control in non-agricultural vehicles has been increasing, but its
development in agricultural machinery has been relatively limited. Rath and Subudhi (2022) proposed a robust
MPC control algorithm based on the H-infinity index, which improves the robustness of unmanned underwater
vehicles to environmental disturbances while ensuring that their path-tracking control meets control constraints.
Legrand et al (2022) designed a path-tracking controller for off-road vehicles based on H2/H-infinity control. It
improved the robustness of the off-road vehicle path-tracking controller to uncertain parameters such as road
slope, cornering stiffness, and road adhesion coefficient.
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Gagliardy et al (2022) designed a path-tracking controller for autonomous vehicles during automatic
following based on H-infinity state feedback control, which improved the robustness of autonomous vehicles
to path curvature disturbance, front vehicle acceleration disturbance, and longitudinal speed uncertainty in a
simulation environment. In agricultural machinery, Fukumoto et al (2022) applied H-infinity state feedback
control to the arm length control mechanism in automatic spinach harvesters. In the path-tracking control of
rice transplanters, the H-infinity state feedback control has not yet been applied and practiced. To this end, a
curved path-tracking controller is designed for rice transplanters based on H-infinity state feedback control.

To improve the accuracy of curved path-tracking for transplanter headland turning, taking the tracking
error model based on Two-DOF vehicle dynamics as the model, based on the H-infinity state feedback control,
a curved path-tracking controller is designed. Finally, the control accuracy of the proposed controller is verified
by using the YANMAR VPGE rice transplanter.

MATERIALS AND METHODS
Experimental materials

The experimental platform is the modified YANMAR VPG6E rice transplanter shown in Fig. 1, and the
basic parameters are shown in Table 1. The accelerator pedal and brake pedal of the transplanter are modified
to be controlled by an electric push rod, and the speed of transplanter is controlled by a STM32 controller
adjusting the electric push rod. The steering of the transplanter is controlled by a controller driving a DC motor-
driven gear mechanism, thereby regulating the rotation of the steering wheel. The front wheel angle sensor
measures the front wheel angle in real time, thereby achieving closed-loop control of the front wheel angle of
the transplanter. The navigation equipment is the CHC CGI-610 centimeter-level integrated navigation system,
configured to send data at a frequency of 10Hz according to the GPCHC data transmission protocol. During
path-tracking, the STM32 controller first receives the pose of the transplanter sent by the integrated navigation,
and then calculates the state error based on the actual rice transplanter pose and the expected path point
input in advance. Finally, based on the state error matrix and the control law input in advance, the expected
front wheel angle is calculated to achieve path-tracking of the rice transplanter.

CHC® CGI-610
Centimeter level integrated
navigation receiver

RS232 serial communication

Electric -
Power
ADC Steering
CAN System

Front wheel angle
measurement system
® Angle sensor+
four-connecting-linkangle | & I
indirect measurement
mechanism

PWM Throttle-by-

wire system

PWM Brake-by- >y~
wire system g™

Fig. 1 - Modified YANMAR VP6E rice transplanter

Table 1
Basic vehicle parameters
Parameters Values

Vehicle mass m, (kg) 496
Distance from the center of mass to the front axle a, (m) 0.65
Distance from the center of mass to the rear axle b, (m) 0.4
Moment of inertia around the z-axis Iz, (kg/m?) 124
The maximum front wheel absolute angle &, / (°) 57
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Tracking error model

A tracking error model based on Two-DOF vehicle dynamics is used to design the curved path-tracking
controller of the rice transplanter. The tracking error model is shown in Fig. 2. According to two-DOF vehicle
dynamic model, the tire slip angle formula, and the relationship between the front wheel angle and the front
wheel sideslip angle, the state space equation of the tracking error model can be derived and simplified, as
shown in Eq. (1) (Hossain et al., 2022).

o} X
Fig. 2 - Tracking error model

X = AX + BU +CW
{ (1)

Y =DX
where:
K 1 0 0 ] T 0 i 0 ]
0 - 2C, +2C, 2C, +2C, _2aC, -2bC, 2C,, _2aC, -2bC, Y
mv, m mv, m mv, *
0 0 0 1 0 0
o _2aC,-2bC, 2aC, -2bC, 2a’C,, +2b°C,, 2aC, _2a’C, +2b’C,
| Lv, 0 LV, | L | mv, |
ed
€ .
X=[" U=6 W=¢
e¢
é¢
where:
m is the mass of rice transplanter; v, is the longitudinal speed; I, is the moment of inertia around the z -

axis; a is the longitudinal distance between the center of mass and the front axle; b is the longitudinal
distance between the center of mass and the rear axle; ¢ is the heading angle of rice transplanter; ¢, is the

heading angle of reference path; 0 is the front wheel steering angle; C, is the cornering stiffness of front
wheel; C, is the cornering stiffness of rear wheel; e, is the lateral error between the center of mass and the
nearest reference path pointahead; e, is the heading angle error between the center of mass and the nearest

reference path point ahead, and D is the output matrix.

Controller design based on H-infinity state feedback control

When controlling the curved path-tracking, the controller designed based on the tracking error model of

two-DOF vehicle dynamics is mainly affected by three factors: path curvature disturbance W =g, =V—X,
r

longitudinal speed uncertainty, and cornering stiffness uncertainty. The H-infinity state feedback controller is a

robust feedback controller that can effectively enhance the robustness of the control system to path curvature

disturbance and uncertain parameters.
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Design principles of the controller

For the open-loop system described in Eq. (1) in the form of {X - A;( i' E§J<+CW (Su, 2010), H-infinity
state feedback control achieves asymptotic stability of the system by designing an optimal controllaw U =KX,
making the disturbance term W having as little gain as possible on the output Y , that is, the infinity norm

[Twy (s)|, of the closed-loop transfer function T, (s)=D[sl —(A+BK)]'C from W toY is as small as

possible, thus achieving system'’s robustness to disturbances. At the same time, if the problem of solving the
optimal control law gain coefficient K mentioned above is transformed into a convex optimization problem
containing LMIs, it can greatly simplify the solving process and improve the solving efficiency. When the
parameters in matrices A, B and C are uncertain, the LMIs problem with uncertain parameters can be
transformed into solving the LMIs problem corresponding to the upper and lower bounds of the uncertain
parameters only based on the properties of convex function and amplification technique. In this way, it is
ensured that the sensitivity of system to disturbances is reduced while the robustness of system to uncertain
parameters is improved.

Lemma

To transform the solving of the gain coefficient of the control law into a convex optimization problem with
LMis, and to address issues related to parameter uncertainty and disturbances, the following lemma needs to
be used (Su, 2010):

Lemma 1 (Su, 2010):

For a given constant y >0 and the system state equation {X :YAX +XCW , the following two conditions

are equivalent:
(1) The system is asymptotically stable with EE (Energy to Energy) gainI',, <y ;
A'TP+PA PC D
(2) There is a symmetric matrix P >0, such that C'P -yl 0 |<O0
D' 0 -yl

where X is the state quantity; W is the disturbance, and Y is the output.

Lemma 2 (Boyd et al., 1994): When f(x) is a convex function defined on a compact convex setQ,
f(x)<0,xeQ < 1f(x)<0,xeQ., where Q. represents the pole of the convex set.
Lemma 3 (Amplification technique) (Boyd et al., 1994): For symmetric matrixY , real matrices " andy

with appropriate dimensions, if there is a matrix A satisfying A'A<I , then the inequality
Y +MAw+yw" AT <0 holds if and only if there is a constante >0, such that Y +&T" +& ' w<0.

S, S
Lemma 4 (Schur complement lemma) (Boyd et al., 1994): 'S,, < O,{S“ Slz} <0< S, -S,,5,,S,, <0.
21 22
Solving the gain coefficient of control law
For model (1), according to Lemma 1, the problem of reducing the output gain caused by path curvature
disturbance can be transformed into a convex optimization problem with LMIs shown as Eq. (2). After solving
Eq. (2) to obtain the matrix F and matrixG , the gain coefficient K = FG™ of the controller control law making

system resistant to path curvature disturbance can be obtained first.

miny
(AG+BF)+(AG+BF) C GD
st. c’ -yl 0 |<0 ()
(GD)' 0 -yl
P>0

Proof: Multiply the left and right ends of the first LMI in Eq. (2) by symmetric matrix diag(P,E.E) , it is obtained
that:
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P(AG +BF)P +P(AG +BF)'P PC PGD

C'P -yl 0 |<0 (3)
(GD)' P 0 -y
Let K=FG™", G =P, substituting into Eq.(3), it can be obtained that
P(A+BK)+(A+BK)P PC D
c'P vl 0 |<0 4)
D' 0 -yl

Eq. (4) is the form that satisfies Lemma 1, thus proved.

At this point, the problem solved by Eq. (2) is only to reduce the interference of path curvature
disturbance on the tracking performance of the controller.

The controller also needs to consider robustness to uncertain parameters. Based on Eq. (2), the
robustness of the controller to longitudinal speed is introduced. The longitudinal speed of the vehicle exists in
matrices A, B and C, and the linear matrix in Eq. (2) can be regarded as a function of vx. It is known that the
set of vx is a convex set, and the left linear matrix of the first LMI in Eq. (2) is a convex function. Therefore,
substituting the poles of the convex set of v, into Eq. (2), Eq. (5) can be obtained as follow:

min y
sys(AG+BF) C. GD
st. c’ -1 0 |<0 i=12.n (5)
(GD)' 0 -yl
G>0

where, n is the number of poles on the convex set of v, ; A, Band C are the matrices corresponding to v, at
thei th pole of the convex set of v, .

Combined with Lemma 2, it can be inferred that the gain coefficient K = FG™ of control law obtained by
solving Eq. (5) can make the controller robust to path curvature disturbance and longitudinal speed.

To introduce the uncertainty term of comering stiffness into the tracking error model based on Two-DOF
vehicle dynamics, uncertainty terms AA and AB are introduced into Eq. (1). Thus, Eq. (1) is transformed
into the form of the parameter perturbation model (Su 2010), as shown in Eq. (6).

{X = (A+AA)X +(B +AB)U +(C + AC)W 6)

Y =DX
[0 1 0 0 ] [0 ]
o 2C,, +2C,, 2C,+2C,  2aC, -2bC, 2C,,
mv, m mv, m
Where, AA= AB =
0 0 0 1 0
~2aC, -2bC,, 2aC,-2bC,  2a°C, +2bC, 2aC,
L IZVX IZ Izvx _ L lZ a
_ 0 _
2aC, -2bC,,
mv, s ~ = ~ ~ Caf - Caf : ~ Car - car
AC = 0 Ca =ACy C, =AC, Cy=—m_—= C, == A <1

_2a’C, +2b°C,

mv

X

Then, according to the method of handling parameter perturbation models (Su 2070), AAand AB can be
represented in the following form:

where A =diag(AAA)

[AA AB AC]=HAE, E, E,]

492

(7)



Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

0 _2C,+2C, 2C,+2C,  2aC, -2bC, 2C,,
_{0 10 OT o mv, m mv, | m
looo 1] 2aC, —2bC, 2aC, -2bC, 2a’C,+2b°C, | ° |2aC,
Ly, I, - Lv, 1,
2aC, —2bC,,
oy,
E, = 2~ 2~
2a°C, +2b°C,,
- mv

X

Finally, combined with Egs. (5), (6) and (7) and the amplification technique (Su, 2010), the problem of
solving the gain coefficient of the control law for the curved path-tracking controller of a rice transplanter based
on H-infinity state feedback control, which is robust to uncertain parameters (longitudinal speed and cornering
stiffness) and path curvature disturbance, can be transformed into a convex optimization problem with LMIs
as follows:

min y
sys (AG +BF) GC, G (E,R+E,F) GH
* -l 0 El, 0
st. * * -yl 0 0 <0 i=12..n ®8)
* * * —-€l 0
* * * *l —si'll
P>0
P=pP"

where:
sys(e)=e+e"; n isthe number of poles on the convex setof v, ; A,B,,C,, E, and E, are the matrices
corresponding tov, at the i-th pole of the convex set of v,_; *is the symmetric element in the symmetric

matrix.
Proof: first, there is:
Sys(AP +AAP +B,KP + ABKP)
=Sys(AP +HAE;P + BKP + HAE,KP) 9)
=8sys(AP +B,KP) + sys(HA(E, + E,K)P)

Combined Lemma 3 with Lemma 4, it is obtained that
sys (PA +PAA +PBK +PABK) P(C,+AC,) D

(C+AC)'P i 0
D' 0 -yl
[sys (PA +PBK) PC, D | PH
= c'P -yl 0 |+sys {| O |A[E;+E,K E; 0]
i D' 0 -yl 0
[sys (PA +PBK) PC, D] [PH][PHT (10)
< c'pP 4l 0 |+g| 0 || O | +&7[E,+EK E, O] [E,+E,K E, 0]
| DT - 0] o
[sys (PA +PBK) PC, D (E, +EK) PH ]
* - 0 El 0
= * * - 0 0
* * * —&/ 0
* * * * _Ei*1|
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Multiplying diag (P 1,1,1,1) on both sides of the above equation, it is obtained that:

sys (AP +BKP™) C PD (E,P*+E,KP ) PH
* — 0 El 0
. « Y 0 0 (1)
y
* * * _EII o
* * * * _£ —ll

Let F=KP™* and G =P™, the above formula can be transformed as follows:

[sys (AG +BF) C GD (E,G +E,F) GH
* iy 0 EL 0
* * iy 0 0 (12)
* * * -y 0
* * * * _gi—1|

Thus, Eq. (8) is proved.

Finally, using the LMI toolkit in Matlab to solve the convex optimization problem shown in Eq. (8), the
matrix Fand G can be obtained. Then the gain coefficient of the control law for the curved path-tracking
controller of a rice transplanter based on H-infinity state feedback control, which is robust to uncertain
parameters (longitudinal speed and comering stiffness) and path curvature disturbance, can be obtained. The
control lawis U =KX =FG™X.

RESULTS AND ANALYSIS
Reference path and initial pose of the rice transplanter

According to the relationship between working spacing and turning radius, the headland turning mode
of the rice transplanter should be T-tumn, which is composed of 1/4 arc and straight-line (Trendafilov and
Tihanov, 2022). Combined with the actual situation of the rice transplanter headland turning, a 1/4 arc with a
radius of 2 m is selected as the reference path to evaluate the curved path-tracking effect of the path-tracking
controller.

At the beginning of the experiment, the initial heading angle of the transplanter is adjusted to 90 ° and
the initial front wheel angle to 0° in the geodetic coordinate system. The controller first obtains the starting
position (X,,y,) of the transplanter, and then use (x,+0.02m, y,+0.06 m) as the starting point of the

reference path to make a 1/4 arc with a radius of 2 m clockwise. This serves as the reference path for the
transplanter curved path-tracking, then discretizes the reference path into 40 reference path points at an
interval of Ax =0.05 m,
Determination of system model parameters and controller parameters

To calculate the control law gain coefficient of the controller, it is necessary to determine all parameters
in Eq. (8). To obtain the range of longitudinal speed variation, the PID algorithm is used to control the
longitudinal speed of the rice transplanter to maintain around 0.7 m/s, then let the transplanter tum along a 1/4
arc with a radius of 2 m, and obtain the speed measured by the integrated navigation. The variation curve of
the longitudinal speed is shown in Fig. 3. From Fig. 3, it can be seen that the longitudinal speed of the rice
transplanter is basically maintained between 0.5 m/s and 0.8 m/s. Therefore, the nominal longitudinal speed
v, during the path-tracking process is selected as 0.7 m/s, and the upper bound Ve and lower bound V,

of the longitudinal speed are 0.5 m/s and 0.8 m/s, respectively.

To obtain the nominal value and range of cornering stiffness, based on the identification results of the
cornering stiffness of the transplanter in reference (Li et al., 2020) and combined with magic formulas, the
cornering stiffness of the transplanter tire used in the experiment is estimated. The upper and lower limits of
the cornering stiffness of the front and rear tires are obtained as 625 N/rad, 250 N/rad, 776 N/rad and 258N/rad,
respectively. The nominal cornering stiffness Car of the front tire was 400 N/rad, and the nominal cornering
stiffness Carof the rear tire was 517 N/rad.

As the output of the H-infinity state feedback controller increases, the conservatism of the controller will
improve, leading to a decrease in control accuracy. Thus, the designed H-infinity state feedback controller only
controls the lateral error and heading angle error, and does not control their rate of change. The output matrix
D =diag (10,1,0)is selected.
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-1
vx/(m s)
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Fig. 1 - Longitudinal speed variation curve

To acquire the LQR controller (which has relatively good tracking performance) to be compared with the
H-infinity state feedback controller, and to verify the improvement effect of the H-infinity state feedback
controller on the curved path-tracking accuracy of the transplanter, leveraging the method described in
reference (Xu et al., 2022) for calculating the gain coefficients of the LQR controller control law, based on
experience, the parameter of the control input weight of the LQR controller is selected to be 0.1, based on the
parameters in Table 1 and the nominal longitudinal speed and nominal cornering stiffness, the weight
parameters of the state error weight matrix Q in the calculation of the LQR controller control law gain

coefficient are exhaustively tested from 1 to 100 with 4 intervals through CarSim-Simulink co-simulation, the
state error weight matrix Q =diag (49,1,25,1) that minimizes the mean absolute lateral error is obtained.

Simulation experiments and discussions
To verify the impact of path curvature disturbance and parameter uncertainty on the tracking accuracy
of the controller path, and to verify the effectiveness of the H-infinity state feedback controller, the LQR
controller, feedforward LQR controller, and H-infinity state feedback controller in tracking the path described in
section 3.2 are compared through CarSim-Simulink co-simulation.
The control laws of the H-infinity state feedback controller and the LQR controller are as follows:
U =KX (13)
The control law of the feedforward LQR controller (obtained according to the method in reference (Xu
and Liu, 2022) is as follows:
U=KX+¢[a+b-bK, +
mv’ b a a (14)

*— (- - K, +
a+b( 2C. 2Cc. °® 2C )

af ar ar
where, Kz is the third element in the matrix K.
The simulation time step is set to 1ms, and the parameters of the transplanter are set as shown in Table
1. The initial state is the same as described in Section 3.2. To make the simulation effect closer to the actual
application effect in paddy fields, the function of longitudinal speed variation with time is approximately fitted
based on the actual longitudinal speed of the rice transplanter when turning in the paddy field obtained in
Section 3.3, as shown in Eq. (15).

v, :0.6+0.23in(%t—%) (m/s) (15)

During the simulation experiment, the above function is input into the simulation model to change the
longitudinal speed of the transplanter in real time, so that the influence of the complex environment of paddy
fields on the longitudinal speed of the transplanter is simulated. The corresponding relationship between
cornering stiffness and load in Carsim is estimated and designed based on the nominal cornering stiffness
obtained in section 3.3 and the magic formula. In the simulation process, taking the rice transplanter controlled
by the LQR controller as an example, the cornering stiffness change curve is output, as shown in Fig. 4 (d).

During the experiment (so as the field test), the tracking error is calculated by the method described in
reference (Xu et al., 2022). Finally, the simulation results of path-tracking are shown in Fig. 4, and the
simulation data statistics are shown in Table 2.
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The simulation results are analyzed according to Fig. 4 and Table 2. In terms of lateral error, the H-
infinity state feedback controller considering path curvature disturbance and parameter uncertainty, has the
best tracking performance, followed by the feedforward LQR controller, and the LQR controller is the worst.
From the perspective of heading angle error, the performance of the H-infinity state feedback controller is
relatively poor compared to the other two controllers. The overall tracking performance of the three controllers
based on the proximity between the actual path and the reference path of the rice transplanter is evaluated,
the H-infinity state feedback controller has the best tracking performance, followed by the feedforward LQR
controller, and the LQR controller is the worst.

Figs. 3 and 4 (d) can represent the changes in uncertain parameters during the simulation process. The
longitudinal speed is generally between 0.5 m/s and 0.8 m/s; the comering stiffness of the front tire is generally
between 200 N/rad and 600 N/rad, and the cornering stiffness of the rear tire is generally between 300 N/rad
and 800 N/rad. The path curvature disturbance in this experiment is approximately
W =g, =Vr—xzo;27:0.35 (s™) . The above experimental results show that when there are uncertain
parameters and path curvature disturbance, the LQR controller has relatively poor path-tracking performance
due to not considering the above two issues. After incorporating feedforward control, improvements are made
to address the issue of path curvature disturbance, resulting in improved path-tracking performance. For the
H-infinity state feedback controller, due to its consideration of robustness to path curvature disturbance and
uncertain parameters, it achieves the best path-tracking performance.
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Fig. 4 - Simulation test results
Table 2
Data statistics of the simulation results
Lateral error Heading angle error
Mean Maximum Absolute Mean Maximum Absolute
Controllers value less
absolute absolute than 0.04 m absolute absolute value less
value /m value /' m /(0)) value / (°) value / (°) than 5°/ (%)
0
LQR controller 0.036 0.062 48 1.98 4.94 100
Feedforward LQR 0.029 0.052 60 1.81 4.94 100
controller
H-infinity State Feedback 0.011 0.028 100 2.97 5.65 95
Controller
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Field experiments and discussions

To verify the actual effectiveness of the controller, the feedforward LQR controller and H-infinity state
feedback controller will be used for actual vehicle control. During the path-tracking process of the rice
transplanter, the PID algorithm is used to maintain the longitudinal speed v, around 0.7 m/s. The

experimental scenario is shown in Fig. 5.

-

A
Lt

‘ (a) Téétsite (b) Path-tracking test of the transplante héédlé‘nd iurning
Fig. 5 - Experimental scenario of curved path-tracking for the rice transplanter on the field

After the experiment, the actual path and absolute lateral error variation curves of the rice transplanter
under the feedforward LQR controller and the H-infinity state feedback controller, as well as the absolute
heading angle error variation curve, can be obtained as shown in Fig. 6. The specific statistical data is shown
in Table 3.

As shown in Fig. 6, the actual path of the rice transplanter under the control of the H-infinity state
feedback controller is closer to the expected path than the actual path under the feedforward LQR controller.
The lateral error of the H-infinity state feedback controller is generally smaller than that of the feedforward LQR
controller, but the heading angle error is larger than that of the feedforward LQR controller.
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Fig. 6 - Field test results
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Table 3
Comparison of the tracking error
Lateral error Heading angle error
. - Absolute Mean . . Absolute
Controllers Mean Maximum Minimum value less absolute Maximum Minimum value
absolute absolute absolute absolute absolute
value /m | value/m | value/m | han0.04m o value/ 1 o ohey | value /() | 1888 than
(%) ) 5 °/ (%)
Feedforward
LQR 0.045 0.066 0.008 29 1.93 4.93 0.09 100
controller
H-infinity
State 0.029 0.072 0.003 64 3.69 10.98 0.16 72
Feedback ’ ’ ’ ) ’ ’
Controller

According to Table 3, the absolute lateral error under the H-infinity state feedback controller is reduced
by 36% compared to the feedforward LQR controller, and the percentage of absolute lateral error less than
0.04 m is increased by 121%. However, for the absolute heading angle error, the mean value under the
feedforward LQR controller is reduced by 48% compared to that under the H-infinity state feedback controller,
and the percentage of error less than 5 ° under the feedforward LQR controller is increased by 39% compared
to the H-infinity state feedback controller.

In summary, the control accuracy of the H-infinity state feedback controller for curved path-tracking of
unmanned rice transplanters meets practical requirements and can be applied to headland tuming control of
unmanned rice transplanters. The actual path of the rice transplanter under its control is closer to the expected
path compared to the LQR controller with feedforward control. The lateral error is reduced and the heading
angle error is improved. Overall, the H-infinity state feedback controller has better path-tracking performance
and stronger robustness.

CONCLUSIONS

(1) To improve the accuracy of curved path-tracking when unmanned rice transplanters tums at the
headland, a design method for a curved path-tracking controller of a rice transplanter based on H-infinity state
feedback control is proposed. This method transforms the robustness requirements of the controller to
uncertain parameters (longitudinal speed, cornering stiffness) and disturbance (path curvature disturbance)
into the form of LMIs, and uses it as a constraint to solve the gain coefficient of optimal control law, achieving
the robustness of the controller to uncertain parameters and disturbance.

(2) The simulation test results show that when the rice transplanter tracks the path of a 1/4 arc with a
radius of 2 m, and the longitudinal speed and comering stiffness fluctuate, the path-tracking performance of
LQR controller is relatively poor due to not considering path curvature disturbance and parameter uncertainty.
After incorporating feedforward control, improvements are made to address the issue of path curvature
disturbance, resulting in improved path-tracking performance. For the H-infinity state feedback controller, due
to its consideration of robustness to path curvature disturbance and uncertain parameters, it can achieve better
path-tracking performance than the LQR controller and the feedforward LQR controller.

(3) The field test results show that when the rice transplanter tracks the path of a 1/4 arc with a radius
of 2 m, the mean absolute values of lateral error and heading angle error under the H-infinity state feedback
controller are 0.029 m and 3.69°, respectively. The maximum absolute lateral error is 0.072 m, and the absolute
lateral errors less than 0.04 m account for 64%. Compared with the feedforward LQR controller, the mean
absolute lateral error is reduced by 36%. It has been verified that the proposed path-tracking algorithm meets
the accuracy and robustness requirements of path-tracking when the transplanter turns at the headland.
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