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Model predictive control system based on direct yaw moment control for

4WID self-steering agriculture vehicle

Hui Liu", Shicheng Yan, Yue Shen, Chiheng Li, Yafei Zhang, Fida Hussain
(School of Electrical and Information Engineering, Jiangsu University, Zhenjiang 212013, Jiangsu, China)

Abstract: A model predictive control (MPC) approach based on direct yaw moment control (DYC) was proposed to realize the
self-steering drive for a newly autonomous four-wheel independent-drive (4WID) agricultural electric vehicle. The front axle
and rear axle of the vehicle chassis could rotate simultaneously around their respective center points and cut the turning radius
in half at most through specific mechanical chassis structure design and four-wheel electrical drive. It had great potential to
reduce wheel traffic damage to field crops if two rear electrical drive wheels can be controlled to follow wheel tracks of two
front wheels during self-steering operation. Therefore, firstly, a two-degree-freedom dynamics model presenting this
agricultural electric vehicle was constructed. Then, an MPC controller combined with DYC was applied to arrange torques
from four wheels to match desired turning angles, direct yaw moments and travel speeds. The simulation results existed small
steady error of steering angles below 0.22% as they were set at 5°, followed with yaw moment under 0.17% and velocity less
than 1%. Finally, according to experiment results, the vehicle successfully made a working turning radius of 9.1 m with
maximum error of 0.55% when desired steering angles were 5° at the speed of 1 m/s and a minimum turning radius of 1.51 m
with maximum error of 6.6% when steering angles were 30° at the speed of 0.5 m/s. It verified that the 4WID agricultural

electric vehicle could drive autonomously and steady with small self-steering angle error under the proposed control system and

has a feasibility to reduce wheel traffic damage during driving and operation.
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1 Introduction

In recent years, agricultural autonomous vehicle has become
the focus of attention under the demand of improving the labor
productivity and reducing the labor intensity in precision
agriculturet'!,
automobile electrification, four-wheel independent-drive (4WID)
electric vehicle could tap into potential on alleviating energy waste
as well as improving the agricultural vehicle dynamics control
performancel.

A large number of advanced technologies have been put
forward for vehicle stability control such as antilock braking
system (ABS), active front steering (AFS) and direct yaw-moment
control (DYC). Antilock Brake System (ABS) was able to limit

yaw moment by applying brake operations on individual wheels,

Combining with the trend of agricultural

but could lead to energy waste!”. Active Front Steering (AFS)
was raised in 2003, it could control transmission ratio between
the active gear and passive rack in the steering system as the
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vehicle changing the speed, but rely on relatively stable working
On this
occasion, direct yaw moment control (DYC) was proposed with
good coordination between steering angle and yaw moment!’'",
DYC focuses on enhancing vehicle yaw stability via restraining the
tendency of over-steering and under-steering to improve
performance under extreme working conditions. The 4WID
electric vehicle can achieve steady yaw moment and enough

environment and vehicle center of gravity distribution.

steering performance benefited from DYC.

Establishing a suitable model is the basis of the
implementation of vehicle control system. As a variety of new
coming upt>™, their corresponding

model-based control systems evolved from ordinary PID control to
[15,16]

structure  vehicles

new algorithms Fuzzy control is an algorithm with strong
disturbance immunity but not good at handling emergency
situations, at the same time, it needs experiential knowledge to
support the establishment of controller. Robust control is another
algorithm that applied in motion control. It is suitable for systems
with large uncertainty range and small stability margin.
the steady-state accuracy of the robust control system is poor
because it does not work in an optimal state.

However,

It is significant to
choose appropriate control algorithm according to the working
scenarios and accuracy requirements!'”!%).
proposed a novel platform of 4WID electric vehicle for sprayers
which showed great potential such as less press damage to crops

and flexible steering performance owing to the special designed
[13]

Recently, Shen et al.

structure Due to the double steering structure, problems like
coupling between variables and difficulty in coordinated motion
control are waiting to be solved. The 4WID electric vehicle was

used for spraying work that owns relatively fixed motion state.
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Finally, MPC control was chosen to make optimal control scheme
for pre-determined route and steering. MPC has been developed
from the initial application for industrial process control to modern
motion control. Due to the explicit ability to solve constraints, it
has been attempted to aerospace field?*?%.  With rich theoretical
experience and practical prospects on coordinated and optimized
control, it has fully demonstrated great potential in complex motion
In this case, MPC controller can optimize torque by
driving the four independent motors to keep the vehicle working
safely and enhance the robustness under extreme conditions?*,
In the present work, a new controller was synthesized for
vehicle motion control by using constrained model predictive
control (MPC) and direct yaw moment Control (DYC). A novel
control model was proposed based on Newtonian rigid body

control.

mechanics?® for this kind of 4WID self-steering vehicle to work
on farm and solve steering stability problems?’?%). Due to the
special designed structure and control strategy, the proposed
vehicle owned the excellent steering performance and could
provide enough yaw moment for turning motion.
problem was expressed as a Linearly Constrained Quadratic
Programming  (QP) to the optimal and
dynamically-consistent front and rear axle angles required to
achieve desired paths.

The control

compute

2 Vehicle model and controller

2.1 Dynamic model of the electric-driven vehicle

Unlike conventional electrical vehicles, this new prototype of
agricultural sprayer in this paper was designed with special
structural electrical-drive chassis for autonomous driving in Figure
1. The length, width and height of the sprayer were 3.20 mx
1.76 m»2.13 m as shown in Figure 1la. The height of the chassis
was 1.10 m. The maximum spray range can reach 9.1 m when
both sides of spray booms were fully unfolded. The vehicle was
able to travel at a relatively low speed between 1-2 m/s during
spray operation. This agricultural electric-drive vehicle can go
straight or rotate actively with four-wheel independent-drive
(4WID) control strategy. The diagram of the electric-drive
vehicle chassis was shown in Figure 1b. Each of the four wheels
was independently driven by a set of hub motor. The front axle
was conjunctive with the front left wheel and the front right wheel,
and so as the rear axle set shown in Figure 1b. The front axle and
rear axle were linked the vehicle chassis, and both axles can rotate
around their respective center points flexibly. W stands for the
lateral distance (m) between two front/rear wheels in Figure 1b. L
represents the longitudinal distance (m) from the center of the front
axle to that of the rear axle. [, and /. stands for longitudinal
distances (m) from the front and rear axle to the center of gravity
(CG) of vehicle, respectively. Ty, T,, T;, and T, represented
hub-motor driven torques (N-m) of the front left, front right, rear
left and rear right wheels, respectively. a and S are the yaw
angles (°) of front axle and rear axle, respectively. R represented
for the self-steering turning radius.

Due to the flexible rotation design of the front axles and rear
axles, the agricultural electrical vehicle has the potential ability to
reduce traffic damage to crops from wheels rolling and improve
spray effect if rear-wheel tracks could follow front-wheel tracks
precisely when making turns or changing lanes. That is, the
4-wheel tracks could be decreased to 2-wheel tracks to protect
crops from overmuch rolling. Thus, the yaw angles of the front

axle o and the rear axle f of vehicle should be same so that the
tracks are coincident in Figure 1b. Therefore, in this paper, a
two-degree-freedom dynamics model of this electrical-drive
vehicle was presented for self-steering controller design, as shown
in Figure 2.  The model parameter variables of this electrical-drive
vehicle were shown in Table 1.

a. New prototype of sprayer with electric-drive chassis

A\

T
b. Diagram of self-steering 4 in-wheel motors independent-drive chassis
Figure 1  Electric-drive 4WID sprayer and its chassis self-steering
structure diagram

Figure 2 Two-degree-freedom monorail model of the vehicle

Traditional control systems usually take force models into
consideration which rely on the force between earth and wheels,
but it is limited by measuring time-varying and complex variable
influenced by environment factors like friction and slip rate. In
this case, the agricultural vehicle was designed to run at low speed
and more attention was paid for self-steering axle angles that would
determine the turning process. The angle of each axle could be
controlled by motor torques that depended on electric current.
The four wheels of vehicle driven by four independent hub motors
can provide suitable torques to front and rear axles by closed loop
controlling of input voltages.
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Table 1 Parameters of the vehicle model

Variables Physical meaning Unit
M Yaw moment of vehicle N'm
v Velocity at center of gravity (CG) of vehicle ms”
Vy Longitudinal velocity at CG of vehicle ms”
vy Transverse velocity at CG of vehicle m-s”
w Self-steering angular velocity rad's™!
Velocity of left front wheel
Velocity of right front wheel =
Vi Vo Vs Vs Velocity of left rear wheel ms
Velocity of right rear wheel
I Longitudinal distance from the front axle to CG m
f i Longitudinal distance from the rear axle to CG
550, Front steering angle deg

Rear steering angle

Lateral distance between two front /rear wheels
W,L Longitudinal distance from the center of the front m
axle to the center of the rear axle

Yaw angle of front axle of vehicle
Yaw angle of rear axle of vehicle

a, B deg

J, and Jg are the rotational inertia (kgm?) of front axle and rear
axle of the vehicle, respectively. u, and uy are the coefficient of
friction of the front and rear axles, respectively. The torque
equations can be concluded as follow:

Juéi+ pé =T5 ~T, (1)

Jﬁﬁ+ﬂ/3,8-:7—s_n 2

In practice, the brushless hub DC motors are controlled by
PWM and can be regarded as DC motor.

Tj = Kruy = K7 Ko, 3)

n;=K,'(u,—1,R;) “)

where, K,=C,$ is electrical constant of each motor, N-m/A;

C,¢ are motor parameters that can be measured; ¢ is magnetic
K; =9.55K,/R, ; u;, n; and T; are the
voltage (V), motor speed (r/min), and torque of the motors (N'm),
respectively. I;, and Rj, are the indication of the armature current
and internal resistance of four motors, respectively.

According to the control strategy of direct yaw moment control
(DYC), the compensating yaw moment of vehicle generated by
in-wheel motors can be derived

M =1,K,6;-1K,0, 5)
where, K, is the cornering stiffness of front and rear wheels, N/rad;
Assume that steering angle is small and vehicle velocity v is slow,
the front and rear steering angles d,, J, can be shown as below:

or=a—,+lw)/v,
0, ==f -, +Lw)/v,

flux; C, is a constant;

(©)

. L .
Consider [, :lV:E , the yaw moment equation can be

written as
LK,
M= T(Of +5) 7

The angular velocity w and the turning radius R of the
electrical vehicle can be written as
V.0, V.0,
w= T 2
LA+K,v) LA+Kv)

ve _ LA+Kv) . L+K,v?)
w 2 o,

@®)

R=

©

where, K, and K, are the stability factors, their equations can be

written as
m
Ki=——(a-
! WZKW( 2
(10)
m
r= -—a
7K. (B-a)

2.2 Linearization and optimization of equations
The differential equations were established and simplified from
the model. Linear optimization of axle rotation differential

equations can be expressed as follow:

. .. K
az—%a—‘]—:ul+—:uz (11)
. . K K

p=-top 2, B, (12)

Consider angular velocity w and turning radius R of the vehicle
under the control rate (a~f), linearization and simplification of w,
R are available as follow:

W:va (13)
L
L

= 14

0 +0, a4

It can be inferred that this vehicle would perform well in
turning test since the angular velocity w is doubled, and the turning
radius R is halved compared with traditional vehicles (J, =0,

L o

Consider r is the radius of each wheel, the vehicle would move
slowly and the transverse velocity v, would tend to O under
working condition. The velocity of the vehicle can be considered
as vy,

_ mreosa

v, =——-—(uy +uy) +
2Kw(1 2) ;

2Oy ruy (15)
The nonlinear model of v, above is expressed as the following
form,
v, = f(x,u), xe R™, ue R™ (16)
where, n, and n, represent the dimensions of x and u, linearizing it
with Taylor formula,

ve=fo,um)+ A(x—x)+B,u—u)+e 17)
where, x; and u; are control state vector and inputs at the sample
0 of
time k, which can be measured; 4 :l and B, :l
ax Xk Uk au X >Uk

are partial of f{x,u) with respect to x and u; ¢; is a higher order
infinitesimal of variable.

. LA . wr
A, =|—sinoy —— (uy +uy ) —sin Sy —— (uz; +ug) 0 0
|: ’ZK(p( 1k Zk) ﬁl 2K¢( 3k 41)

s w T T
B, = { cosq, ——cosq, ——cospf; z—cos B

2K, 2K, 2K, ”
e T
J Co,uy) = 008 at —— (uy + oy ) + €08 B —— (s + thyy)
2K, 2K,

. nr . r
d, =sina, —— (uy + a0 +8in Sy —— (uy +12) By
2K, 2K,
where, u,; represents the output of motor » at the working time £;
oy and f, represent desired yaw angle values of a and f at the
working time k; v, can be reduced as:
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r r g o
Ve=l— —/— — —|u (18)
2K, 2K, 2K, 2K,
2.3 MPC controller design
In this research work, MPC was proposed to control four
independent motor with the state space equations.
{fc—Ax-ﬂ—Bu

19
y=Cx+Du (19

where, x is the state vector of the vehicle; x is the rate of change
in the state variables; A4 is the corresponding state vector matrix; B

is the matrix of control variables; y is the observation of output

variables and C is the output feedback matrix. Consider the state
vector x=[a,f,a,f]", system input u =[u,u,,us,us]", system

Output y:[a>ﬂaMavx]T .

0 0 1 0 0 0 0 0
00 0 1 0 0 0 0
4=10 0 £ 9 K Ky
(3 ’ JD{ JD( ’
00 o - o o K K
L Jﬁ J/i Jﬂ
! 00 0 0 0 0
0 1 00 0 0 0 0
c=|L , D=| 0 0 0 0
EKW ZK” 00 nr 74 w nr
0 0 00 2K, 2K, 2K, 2K,

Consider that the control horizon of MPC is m and the
(k+1Jk) stands the
The system can be

prediction horizon is p, where (m<p).
prediction (k+1) based on current data (k).
described by quadratic form indicators to make outputs approach to
target.
minJ =|| 7,[(Y, (k + 1] k) = R(k + D] + | LAUR) [ (20)
Subject to
Aty < Au(k + j | k) < Attpy, j=0,1,...,m—1

Voin S Y(k+ 1K) < Yiaxs J=0,1,..., p
where, R(k)=[a, S, M, v]T is a given reference; 1,=[3, 3, 5, 3]T and
I,=[1, 1, 1, 1]" are the weighting factors of y and AU(k); up;, is
the minimum voltage (—72 V) of the motor; u,,, is the maximum
voltage (+72 V) of the motor; Aupy, Aup,, are the minimum
(10 V) and maximum (+10 V) value of variations of the system
input voltages, yi,=[-30, -30, 0, fIO]T and Y .=[1+30, +30, 7000,
+10]" are the minimum and maximum value of the system output
variables, respectively.

Subtracting the target R(k) from the output Y,(k), smaller
difference value leads to better optimization accuracy. To achieve
this, MPC was used to solve finite-horizon optimal control problem
at each step.

3 Simulation and experiment results

In order to evaluate the performance of the proposed
self-steering MPC control system, the 4WID agricultural vehicle
model with MPC controller was built with Matlab Simulink. The
main parameters of this 4WID vehicle model and the MPC
controller used in the simulation are shown in Tables 2 and 3. In
the simulation test of fastness and accuracy for MPC-based
self-steering system, the reference values of the front-axle yaw
angle a and rear-axle yaw angle f were a,f=5°, yaw moment of
vehicle M=6000 N-m, and longitudinal vehicle velocity v,=2 m/s

(Table 3). The sample time for MPC controller was 0.2 s. The

prediction horizon was 15 and the control horizon was 3. The
weighting factors of front-axle yaw angle a, rear-axle yaw angle f,
longitudinal vehicle velocity v, and yaw moment M for MPC
system outputs were 3, 3, 5 and 3, respectively. An impact of
disturbance was simulated to test the MPC system robustness. It
happened at 10 s with the amplitude of 2° on axle a, which was
40% of initial reference.

Table 2 Main parameter values for the 4WID vehicle model

Variables Description of model parameters Values
Ju Rotational inertia of front axle/ kg-m2 800
Jp Rotational inertia of rear axle/kg-m” 800
Iy Longitudinal distance from the front axle to CG/m 0.79
I Longitudinal distance from the rear axle to CG/m 0.79
K, Cornering stiffness of the front and rear wheels/ N-rad™ 3000
/4 Lateral distance between two front and rear wheels/m 1.51
L Longitudinal distance from the center of the front axle to 1.58

the center of the rear axle/m
K, Electrical constant of each motor/N-m-A™" 0.88
Kr Electromagnetic torque constant/N-m-V™! 12.5

Table3 MPC controller parameters for 4WID vehicle
self-steering

Variables Description of control parameters Values

Ts Sample time/s 0.2

)4 Prediction horizon 15

m Control horizon 3
Initial motor voltage of front-left wheel,

Uo=[u1, ua, us, 144]T front-right wheel, rear-left wheel, rear-right 0,0,0,0

wheel/V
System reference outputs of front-axle yaw 5(°), 5(°),

R=[a, f, M, vV]" angle a, rear-axle yaw angle f, yaw moment 6000 (N-m),
M, longitudinal vehicle velocity v, 2 (ms™)
output weighting factors of front-axle yaw

I, angle a, rear-axle yaw angle 8, yaw moment 3,353
M, longitudinal vehicle velocity v,
output weighting factors of system inputs u;,
I, 1,1,1,1
U, U3, Us
Disturbance time and amplitude of disturbing yaw angle 10(s), 2(°)

In this dynamic simulation model, assuming that sideslip does
not occur under the direction of effective DYC, the friction is
considered to be the only force of power that supports motion
action. It means this system was designed to keep motion pose in
low velocity condition and the control variables would be at small
value during the steady state.

From the simulation results, the inputs and outputs of the
4WID vehicle are shown in Figure 3. It can be seen that the input
voltages of four hub motors showed duality for two left wheels (u;,
u3) and two right wheels (up, u4), while the maximum and
minimum of u,, u3 are shown at point A and C, and the maximum
and minimum of u,, u, are shown at point B and D in Figure 3a.
The front-axle yaw angle a, the rear-axle yaw angle f, the yaw
moment M and vehicle velocity v are shown in Figure 3b.

In static state test (0-10 s), the front-axle yaw angle o, the
rear-axle yaw angle £ and the yaw moment M reached to peak
value within 6 s with 3% overshoot, and the rise time of those were
shown at point A, C and E in Figure 3b, respectively. At the
moment of 6 s, the vehicle velocity was still in the acceleration
phase, shown at point G in Figure 3b.  All state variables reached
steady state at 7.56 s, which was equivalent to point F in Figure 3b.
It cost 7.56 s to achieve the desired yaw angles and velocity when
the vehicle started to run under the proposed MPC system with
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target condition.
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b. MPC system outputs (a: front-axle yaw angle, f: rear-axle yaw angle, M: yaw
moment, v: longitudinal vehicle velocity)

Figure 3  Simulation results of MPC controller for turning path at
v, =2 m/s

In dynamic state test (10-20 s), a pulse disturbance of
front-axis yaw angle o with the amplitude of 2° at the time of 10 s
was generated in the simulation system to test the robustness of the
proposed MPC controller.
MPC system reacted quickly. The front-axis yaw angle a and the
rear-axle yaw angle f started to fluctuate at 10.3 s under the effect
of disturbance, but they returned to desired value by 10.6 s
For better
visual comparison between front and rear yaw angle, the front-axle

It can be seen in Figure 3b that the

promptly owing to the proposed the MPC controller.

yaw angle a was shown as its actual value, while the rear-axle yaw
angle f was shown as the negative of its actual value, in Figure 3b.
The peak values of a and g during this process were shown at point
B and D. Both front-axle and rear-axle yaw angle errors were
under 6.2% when this pulse disturbance magnitude was 40% of
reference value. The longitudinal vehicle velocity v and yaw
moment M remained unchanged during disturbance response. So
far, the proposed MPC system showed good robustness on yaw
moment and yaw angle control, which owed to the advantages of
DYC set in MPC.

In steady state test (over 20 s), the system outputs a, £, M and v

reached stable status after 20 s, which are shown at point S1-S4.
The steady state errors of a, f, M and v were 0.22%, 0.22%, 0.17%
and 1.00%, respectively. In general, the front-axle yaw angle a,
the rear-axle yaw angle f, the yaw moment M and vehicle velocity
V' reacted promptly to reach stable status and compensated
disturbance with the proposed MPC system.

b. Experiment site
Figure 4 Self-steering agriculture vehicle experiment of MPC

controller

Based on the simulation results, a self-steering evaluation
experiment was conducted to verify the effectiveness of the
proposed two-degree-freedom dynamics model and the MPC
control system of this electrical-drive vehicle. ~ The 4WID
agricultural electric vehicle and the experiment environment were
shown in Figure 4. The test platform of the agricultural electric
sprayer was equipped with GPS navigation system, and the
navigation data was transferred to PC with a RS232 serial port.
The state parameters of the vehicle model can be managed through
an on-board PC and were sent to the real-time MPC controller.

For the experiment part, two groups of self-steering angles
were set: (1) The front-axle yaw angle a and rear-axle yaw angle f
were o,/=5°, and such the desired turning radius R was 9.1 m based
on Equation (14); (2) a,$=30° and R=1.51 m; They were
represented for common yaw angles and large yaw angles of this
electric vehicle with the specific chassis structure, respectively.
The low vehicle velocity (vi=1 m/s and v=0.5 m/s) was adopted for
field experiments due to security reason and the physical limitation
of test site. In this way, following the proposed 4WID vehicle
model and the MPC controller, the electric sprayer was expected to
move and turn around as desired steering angle and turning radius.

The experimental results about the self-steering condition
under the MPC controller were illustrated as follows. As can be
seen from Figures 5a and 5c, the actual front and rear yaw angles of
the autonomous vehicle varied with time and tended to the target
steering angles of 5° and 30°, respectively. Correspondently, the
turning radiuses of self-driving approached to the desired 9.1 m and
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1.51 m, respectively, as seen in Figures 5b and 5d. The front-axle
yaw angle was shown as its actual value, and the rear-axle yaw
angle was shown as the negative of its actual value in Figure 5, for
better visual comparison between front and rear yaw angles, as in
the simulation result analysis in Figure 3b. In Figure 5a, the
electric vehicle traveled at the speed of 1 m/s and turned in a circle
with relatively stable steering angles close to 5° after 4 s under the
MPC controller. The front-axis yaw angle existed 4.2% of
overshoot and 0.6% of steady state error, while the rear-axis yaw
angle showed 7.0% overshoot and 0.6% steady state error for

a,p=5°.  The actual turning radius was between 9.05 m and 9.15 m
g
6 . ' . . . . .
5t > | . _
4 A (401,5.21) | B (12.01,4.93) |
!
i
— 27 1 Front angle | 7
S i — Rear angle
8 o0 ! |
5N :
= !
_2 r : -
i
|
i
-4 i N _
C (4.42,-5.35) ! D (11.98,-4.97)
5t ) e e
_6 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14
Time/s

a. Actual front-axis and rear-axis yaw angles for a,/=5°

30F T T + T T T T T
A(5.89,31.20) B (15.95, 29.36)
20 F
Front angle
10k —— Rear angle

Degree/(°)

C (6.04,-31.40) D (15.99, -29.30)

Time/s

c. Actual front-axis and rear-axis yaw angles for a,/=30°

8 100 12 14 16 18

with the maximum error of 0.55% when the desired value was
9.1 m, as seen in Figure 5b. As for a,f=30° in Figure Sc, the
relatively large yaw angles that the electric vehicle were expected
to achieve, the front-axle yaw angle existed 0.7% of overshoot and
2.13% of steady state error, while the rear-axle yaw angle showed
1.3% of overshoot and 2.3% of steady state error. Under this
condition, as the vehicle traveled at 0.5 m/s, the turning radius
increased to 1.6 m and then reduced to 1.5 m with the maximum
error of 6.6% comparing with the desired turning radius of 1.5 m,
which matched the variation of the steering angle changes, as seen
in Figure 5d.

18 T T T T T T T
16
14+
12
£
g 10¢
<
£
5 st
o
6 A
ar Start o] |
2k 4
-35 =32 -29 -26 -23 20 -17 -14
Abscissa/m
b. Actual turning path for R=9.1 m
5 T T T T T T
47N
 »,
o e
£ 2 R
=
g\
Ir ®End LA™
of Start\o‘\/\,
- . . . . . .
-2 -1 0 1 2 3 4
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Figure 5 Experimental results for self-steering agriculture vehicle under the proposed MPC controller

4 Conclusions

In this research, a control system combined with MPC and
DYC was proposed for self-steering of agricultural 4WID electric
sprayer. The mathematical model was built based on the rigid
body mechanics. To avoid being affected by unmeasured
environment factors as the ordinary solutions did, the original
model relying on frictional force was replaced with torque-based
model derived from four independent wheels. Thus, the pose of
front and rear axles can be controlled by the current of four motors.

The proposed control system was built to manipulate the
turning motion of the agricultural electric vehicle, and the final
target was to perform spray operation on the farm. By following a
preset route, the vehicle can spray the whole farmland by driving
straight lines and making turns with circular motions. It means
that the main focus of control was to complete the specified
circular motion with small positioning error. For this vehicle, the
state values were confirmed when the vehicle trajectory was set by
the on-board computer. So, the controller was considered as
successfully built as the trajectory error was very low in the

experiment. According to the experimental results, the vehicle
axles showed good coordination and following performance. The
tests of two turning paths were made successfully with 0.55%
maximum error for turning radius of 9.1 m under normal motion
condition and 6.6% maximum error for turning radius 1.51 m under
the minimum turning radius mode. Therefore, the agricultural
electrical vehicle with the proposed control system can reduce
traffic damage to crops from wheels rolling because the rear-wheel
tracks could follow front-wheel tracks precisely when making
turns.

Combined with the actual vehicle working condition, this
spray vehicle will be equipped with a large water tank, which could
lead to gravity center changing during spraying operation. Thus,
the MPC controller may face slight model mismatch. Equation
(18) is a nonlinear expression simplified by Taylor formula at the
operating point with steering angles of 5°. When the turning
angles of movement were away from the working point, for
example at the steering angles of 30° the system may face slight
It also explained the existence of relatively
larger trajectory deviation in minimum turning radius experiment.

model mismatch.
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Future work: This system can be improved by doing some
supplement in the future, such as adding adaptive control algorithm
in extreme environment.
from upper computer with real-time correction could further reduce
the tracking error.

In another way, adding visual feedback

In addition, it is significant to set GC at the
center of the vehicle, or the rotational inertia of axles will move if
the front and rear axles exist large weight difference.
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