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Abstract: Aiming at the application environment of paddy agricultural machinery with bumpy and undulating changes, the 

problems affecting the method for steering wheel angle measurement by MEMS gyroscope were analyzed, and a wheel angle 

measurement method combining Dual-MEMS gyroscope (dual MEMS gyroscope) and RTK-GNSS was designed.  The 

adaptive weighting method was used to fuse the heading angle differentiation of RTK-GNSS, the MEMS gyroscope angle rate, 

and velocity data, and the rod-arm compensation was performed to accurately obtain the angle rates of the body and steering 

wheels of agricultural machinery; the difference between the combined angular rate of the steering wheel of the agricultural 

machinery and the angular rate of the agricultural machinery body was obtained, and the integrator is used to integrate the 

difference to get the wheel steering angle value, and the Kalman filter was designed to make feedback correction for the 

integration process of angle calculation to eliminate the errors caused by the gyroscope zero bias, random drift, and gyroscope 

rod arm effect, and to obtain the accurate value of wheel steering angle.  A comparative test with the connecting rod wheel 

angle sensor was designed, and the results show that the maximum deviation is 4.99°, the average absolute average value is 

1.61°, and the average standard deviation is 0.98°.  The method in this study and the connecting rod wheel angle sensor were 

used on paddy farm machinery.  The wheel angle measurement deviation of the proposed method and the connecting rod 

wheel angle sensor was not more than 1°, which is relatively small.  It has good stability, speed adaptability, and dynamic 

responsiveness that meets the accuracy requirements of steering wheel angle measurement for paddy field agricultural 

machinery unmanned driving and can be used instead of connecting rod angle sensors for unmanned agricultural machinery. 
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1  Introduction

 

The steering angle of the front wheels is important information 

for the movement of unmanned agricultural machinery[1].  The 

front wheel steering angle measurement is one of the key 

technologies of agricultural machinery automatic navigation[2,3].  
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The only control variable of the unmanned wheeled agricultural 

machine is the steering angle of the front wheels[4,5].  Therefore, 

the accurate measurement of the steering angle is very important[6].  

The steering of wheeled agricultural machinery is achieved by 

driving the front wheel of the vehicle to deflect an angle relative to 

the body.  In order to accurately measure the steering wheel angle 

of agricultural machinery, the optimal solution is to carry out the 

overall design of the agricultural machinery when it leaves the 

factory, but the current agricultural machinery still lacks the 

unmanned design of the whole machine[7].  Therefore, in order to 

obtain the steering angle of the unmanned agricultural machine, the 

most direct way is to install a link-type sensor on the steering 

wheel[8-10] and use a flexible coupling to connect it with the wheel 

shaft[11].  But in practice, the main problems in the application are 

as follows: 1) the sensor is difficult to install, and the vehicle 

adaptability is poor; 2) the zero position of the wheel angle is easy 

to change, and recalibration is time-consuming and labor-intensive; 

3) the connecting rod easily loosens or breaks.  Therefore, 

domestic and foreign scholars have proposed a non-contact wheel 

angle measurement method[12-16].  Install an inertial sensor on the 

front wheel shaft of agricultural machinery to measure the steering 

angle speed of the front wheels, and then obtain the steering wheel 

angle; using inertial devices such as a gyroscope installed in the 

steering wheel to indirectly measure the steering angle of the 

agricultural machinery front wheels through the steering 
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transmission relationship allows easier installation and wiring than 

other methods.  The method is simple but exhibits poor 

adaptability to agricultural machinery steering system performance, 

steering clearance, etc.[17] Huang et al.[18] installed sensors such as 

encoders and inertial devices in a steering wheel to establish the 

relationship between the steering wheel and the steering angle of 

the front wheels to detect the steering angle.  Miao et al.[19] 

proposed a dual-antenna GNSS and MEMS gyroscope.  For the 

rotation angle measurement system, the error between the 

measured wheel steering angle measured by a test and the output 

result of the absolute angle sensor was within 0.5°, and the error 

was within 1° during a curve test.  Miao et al.[20] adopted GNSS 

fusion with MEMS Gyro and introduced gyroscope lever arm 

effect compensation to measure the rotation angle of the front 

wheel of the tractor, and obtained high measurement accuracy.  

Using a low-cost micro-electromechanical system (MEMS) 

combined with GPS and unscented Kalman filter (UKF) to estimate 

the steering angle of agricultural vehicles, a better wheel angle 

measurement accuracy was obtained[21].  The dual-antenna 

combined with the MEMS gyroscope’s steering angle measurement 

scheme reduces the system cost, but due to the low update rate of 

the dual-antenna GNSS heading, the measurement accuracy is not 

high[22,23], which affects the accuracy of the measurement system, 

and the accelerometer’s installation position is difficult to match 

with the swing reference point of the carrier.  In an angular 

motion environment, the output of the accelerometer produces 

interference acceleration relative to the reference point, which is 

affected by the lever arm effect[24-28], which also affects the 

measurement accuracy. 

In summary, this study proposed an improved dual-MEMS 

gyroscope (dual gyroscope) and RTK-GNSS fusion wheel angle 

measurement method for the bumpy and undulating application 

environment of paddy field agricultural machinery to eliminate 

gyroscope bias and randomness.  Errors caused by drift, as well as 

errors caused by the arm effect of the gyroscope, improve the 

usability and accuracy of wheel angle measurement. 

2  Materials and methods 

2.1  Principle of steering wheel angle measurement 

A schematic diagram of the steering wheel angle measurement 

principle is shown in Figure 1.  MEMS1 is a gyroscope mounted 

on the body of the farm machine to measure the combined angular 

rate +   of the farm machine steering wheels, where   is the 

body angular rate obtained by fusing 1  and 2 , 1  and 2  is 

the farm machine body angular rate measured by the MEMS2 

mounted on the front wheel steering column of the farm machine 

and RTK-GNSS mounted on the farm machine body, respectively, 

and   is the measured pure steering angular rate.  In order to 

accurately obtain the angular rates of the farm machinery body and 

steering wheels, the angular rates and velocities measured by 

MEMS gyroscope and RTK-GNSS need to be compensated by the 

lever arm; to meet the needs of steering wheel angle measurement 

during low-speed start-up and high-speed operation of agricultural 

machinery, MEMS1 and RTK-GNSS were used to measure the 

steering  rate 1  and 2  of  agricultural  machinery  body, 

respectively, and data fusion processing was performed; to get the 

pure steering wheel rate   by making a difference between the 

obtained combined angular rate +   of the steering wheels of the 

agricultural machine and the angular rate   of the body of the 

agricultural machine, and to get the calculated value θ of the wheel 

steering angle by integrating the pure steering wheel rate   using 

an integrator.  The result of the difference between the calculated 

and observed values arctan( / )L v  is substituted into the Kalman 

filter as the measured value for optimal estimation, and the angular 

error of the Kalman filter output and the gyro zero bias performs 

feedback correction on the angle calculation integration process to 

calculate accurate information of the wheel turning angle θ.  In 

order to eliminate the system error due to Ackermann steering 

nonlinearity of the left and right front wheels of the agricultural 

machine installed in the MEMS2 gyroscope, Ackermann 

nonlinearity compensation is designed and used to acquire the 

center steering wheel angle θc of the agricultural machine. 

 

Note:   is the pure steering wheel rate;   is the angular rate; +   is the 

obtained combined angular rate; θc
 

is the center steering wheel angle; 

arctan( / )L v
 

is the calculated and observed values; 1  and 2
 

are the 

steering rate. 

Figure 1  Principle of steering wheel angle measurement 
 

2.1.1  Observation estimate 

Wheeled agricultural machinery often adopts the two-wheeled 

Ackerman steering model[29,30].  The kinematics equation of 

agricultural machinery in the Gaussian plane rectangular coordinate 

system is 

cos( )

sin( )

tan( ) /

x v

y v

v L





 







                (1) 

where, θ is the steering angle of the front wheels, (°);   is the 

angular rate of the agricultural machinery body, rad/s; v is the 

agricultural machinery body speed, m/s; R is the tractor turning 

radius, m; L is the tractor wheelbase, m. 

From Equation (1), the calculation equation of the steering 

wheel angle is 

arctan( / )L v                 (2) 

Equation (2) can be used as an observation value for the 

optimal estimation of the steering angle of the front wheels. 

2.1.2  RTK-GNSS heading angle rate filtering 

The heading output frequency of the RTK-GNSS board is   

10 Hz, and the heading angular rate obtained by the direct 

differential processing of the heading is noisy.  In this paper, an 

adaptive Kalman filter is designed to filter the heading angular rate 

by continuously changing the model parameters or noise statistical 

characteristics.  Real-time estimation and correction can realize 

the online improvement of the filter, reduce the actual filtering 

error, and improve the dynamic performance of the Kalman filter.  

This method can effectively integrate system identification and 

filtering estimation[31]. 

Assuming that the angular acceleration of the vehicle body is 0 

when the agricultural machinery is driving in a straight line and 

there is a normal distribution of random noise, Kalman filtering can 

be performed on the heading angular rate in the straight-line 
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navigation state as follows: 

1 gk k a t w                     (3) 

where, k  is the angular rate of the agricultural machinery body at  

the current moment; 1k   is the angular rate of the agricultural 

machinery body at the previous moment, a=0, and wg is Gaussian 

white noise. 

The state variable of the Kalman filter is the angular rate of the 

agricultural machinery body.  There is no control input, so the 

state transition matrix A=1; the observation value containing the 

noise is the direct manifestation of the state variable, so the 

measurement matrix H=1.  The state equation and observation 

equation of the Kalman filter were established as shown in 

Equations (3) and (4). 

Equation of state: 

1 gk kX AX w                   (4) 

Observation equation: 

gk kZ HX v 
 

                 (5) 

where, Xk is the angular rate of the agricultural machine body at 

time k; Xk−1 is the angular rate of the agricultural machine body at 

time k+1; Zk is the observed value of the body rotation rate after 

dual GNSS heading differentiation at time k; vg is the Gaussian 

white noise. 

According to the filter iteration principle, the Kalman filter 

time update equations as Equations (6) and (7) and the 

measurement update equations (Equations (8)-(10)) were 

established. 

1
ˆ ˆ

k k
x x



                      (6) 

1k kP P Q
                    (7) 

/ ( )k k kK P P R                   (8) 

ˆ ˆ ˆ( )k k k k kx x K Z x                   (9) 

( )k k kP I K P                  (10) 

where, 1ˆkx   is the a priori state estimate at time k−1; ˆ
k

x  is the a 

posteriori state estimate at time k; kP 
 is the estimated covariance 

of the a priori state estimate at time k; Pk−1 is the estimated 

covariance of the a posteriori state estimate at time k−1; Q is the 

covariance matrix of the procedure activation noise; Kk is the 

Kalman gain; R is the covariance matrix of the observation noise; 

ˆkx  is the a posteriori state estimate at time k; ˆ kx
 is the a priori 

state estimate at time k. 

Since the angular acceleration of the vehicle body cannot be 

approximated as 0 when the agricultural machinery is traveling on 

a curve, the Kalman filter model is mismatched when the 

agricultural machinery is traveling on a curve.  This study 

proposed a process excitation noise covariance matrix Q based on 

the agricultural machinery transverse tracking deviation to 

adaptively adjust the Kalman filter.  When the Kalman filter 

determines that the agricultural machinery is in the online process, 

the weight value of the Kalman filter can be changed by increasing 

the Q value.  Then the problem of model mismatch is solved. 

max min min

max min

min

( ) (0.1 3)

( 0.1)

now

now

now

pe
q q q pe

Q pe pe

q pe


   

 
 

 (11) 

where, penow is the lateral tracking deviation of the current 

agricultural machinery; pemax and pemin are the maximum online 

distance and the minimum online distance, respectively; qmax and 

qmin are the maximum and minimum values of the adaptive Kalman 

filter process excitation noise covariance matrix Q initialization, 

respectively. 

2.1.3  Lever arm effect compensation 

Generally, when the wheel angle measurement system is 

actually installed, it is difficult for the RTK-GNSS antenna and 

MEMS1 to coincide with the center of mass of the agricultural 

machinery.  As shown in Figure 2, this introduces a systematic 

measurement error[32,33]. 

In this study, the lever arm of the vehicle body speed v and the  

car body angular rate 2  measured by RTK-GNSS were needed  

to compensate; compensate the lever arm effect of the 1  

measured by the MEMS1 gyroscope; performed the lever arm 

effect compensation on the vehicle body measured by the MEMS2 

gyroscope.  The angular velocity   was used for lever arm 

compensation; the MEMS2 gyroscope was installed near the center 

of the front wheel steering column, the lever arm effect of the pure 

steering angle rate  was not significant, and the lever arm effect 

was ignored in this study. 

 
a. View from above 

 
b. Side view 

Note: lx, ly, and lz are the distances from the GNSS antenna to the center of 

agricultural machinery respectively; lxm1, lym1, and lzm1 are the distances from the 

MEMS1 to the center of agricultural machinery respectively, lxm2, lym2, and lzm2 

are the distances from the MEMS2 to the center of agricultural machinery 

respectively. 

Figure 2  Schematic diagram of GNSS and MEMS lever arm 
 

As shown in Figure 3, we define the coordinate system b of the 

agricultural machinery carrier with the center of mass as the origin. 

The x-axis points to the right along the horizontal axis of the carrier, 

the y-axis points forwards along the vertical axis of the carrier, and 

the z-axis points upwards along the vertical axis of the carrier. Then, 

the coordinate conversion matrix from the carrier coordinate 

system b to the navigation coordinate system t (Northeast Sky 



200   November, 2022                       Int J Agric & Biol Eng      Open Access at https://www.ijabe.org                        Vol. 15 No. 6 

Geographical Coordinate System) is 

cos cos sin sin sin sin cos cos sin

cos sin sin cos cos sin sin cos cos

sin 0 cos

t
bR

        

        

 

   
   
 

 

(12) 

where, φ and γ are respectively the heading angle and roll angle of 

agricultural machinery obtained by RTK-GNSS. 

 
Note: ObXbYbZb represents the carrier coordinate system; OtXtYtZt indicates the 

navigation coordinate system; la and lb are the distances of the main positioning 

antenna from the implement suspension point and the center of the vehicle, 

respectively, and lh is the difference in the elevation between the main 

positioning antenna and the implement suspension point. 

Figure 3  Agricultural machinery carrier and navigation 

coordinate system 
 

The lever arm length vector of the RTK-GNSS antenna and the 

centroid of the agricultural machinery is 
T[ ]gnss x y zl l l l                (13) 

The rotation angular rate vector of the agricultural machinery 

is 
T[0 ]b

tb                   (14) 

The rotation angular acceleration vector of the agricultural 

machinery is 
T[0 ]b

tba                   (15) 

The speed error due to the lever arm effect is 

( )

vx

t b
v vy b tb gnss

vz

e

e e R l

e



 
   
 
 

 

          (16) 

The error of the vehicle body angular rate 2  due to the lever 

arm effect is 

2

2 2

2

( )

x

t b
b tb gnssy

z

e

e e R a l

e



 



 
 

   
  

           (17) 

The horizontal velocity vgnss measured by RTK-GNSS is 

decomposed into the true east and true north directions along the 

heading angle of the agricultural machinery movement. 
T[ cos sin 0]gnssv v v             (18) 

The vehicle body angular rate 2gnss  measured by 

RTK-GNSS is decomposed into the true east and true north 

directions along the direction of the agricultural machinery 

movement heading angle. 

T
2 2 2[ cos sin 0]gnss               (19) 

The speed v after lever arm compensation is 
T[ 0]x y gnss vv v v v e               (20) 

The angular rate of the vehicle body measured by RTK-GNSS 

after lever arm compensation is 

2

T
2 2 2 2[ 0]x y gnss e                (21) 

The agricultural machinery body is regarded as a rigid body.  

The heading angle and roll angle of MEMS1 and MEMS2 can be 

respectively expressed by φ and γ measured by RTK-GNSS, and 

the coordinate conversion matrix from the carrier coordinate 

system b to the navigation coordinate system t is also 
t
bR . 

The lever arm length vector of the MEMS1 gyroscope and the 

centre of mass of the agricultural machinery body is 

lmems1 = [lxm1  lym1  lzm1]
T

 
            (22) 

The lever arm length vector of the MEMS2 gyroscope and the 

centroid of agricultural machinery is 

lmems2 = [lxm2  lym2  lzm2]
T             (23) 

The angular accelerations measured by the MEMS1 and 

MEMS2 gyroscopes rotating around the z-axis are 1
b
tba  and 2

b
tba , 

respectively. 
T

1 1 1 1[ ]b
tb x y za a a a                (24) 

T
2 2 2 2[ ]b

tb x y za a a a               (25) 

The body angular rate error due to the lever arm effect of 

MEMS1 is 

1

1 1

1

1 1( )

x

t b
b tb memsy

z

e

e e R a l

e



 



 
 

   
  

           (26) 

The body angular rate   error due to the MEMS2 lever arm 

effect is 

2 2( )

x

t b
b tb memsy

z

e

e e R a l

e



 



 
 

   
  

           (27) 

The angular velocity of the vehicle body measured by MEMS1 

is decomposed into the true east and true north directions along the 

direction of the agricultural machinery movement heading angle. 

T
1 1 1[ cos sin 0]mems    

 
         (28) 

The angular velocity of the vehicle body measured by MEMS1 

is decomposed into the true east and true north directions along the 

direction of the agricultural machinery movement heading angle. 

T
2 [ cos sin 0]mems                (29) 

The angular velocity 1  measured by MEMS1 after lever arm 

compensation is 

1

T
1 1 1 1[ 0]x y mems e                 (30) 

The body angular rate   measured by MEMS2 after lever 

arm compensation is 

T
2[ 0]x y mems e                  (31) 

2.1.4  Weighted data fusion 

It can be seen from the literature[34,35] that the GNSS heading 

differential can be adapted to the measurement of the steering 

wheel angle of agricultural machinery at lower speeds; the noise is 

greater when operating at higher speeds, and the stability of the 

front-wheel steering angle measurement system is worse.  With 

dual MEMS gyroscopes, the measurement frequency is high, but 

because the MEMS gyroscope needs a certain period of time to 

obtain stable operation to provide a better wheel angle 

measurement output, the wheel angle output is momentarily 

inaccurate when the agricultural machine stops and restarts.  To 

integrate the advantages of GNSS heading differentiation and 

MEMS angular velocity measurement, this paper uses the method 

of adaptive weighted fusion of GNSS and MEMS to obtain the 

angular velocity of the agricultural vehicle body. 
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                (32) 
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                 (33) 

where, 1i
 

and 2i
 

are the i -th measured values of MEMS1 

and RTK-GNSS, respectively; W1i and W2i are the weights of 1i  

and 2i , respectively. 

To increase the contribution of the GNSS heading differential 

to agricultural machinery steering wheel angle measurement at low 

speeds, based on the agricultural machinery speed design weights 

W1i and W2i, the min-max normalization method is used to 

compensate the speed vi at the i -th moment and return one value: 

max

i
Ni

v
v

v
                    (34) 

where, vmax is the highest speed of agricultural machinery operation; 

vNi is the normalized standard value. 

1

1

11 ( 0)

=1 ( =0)

i Ni
Ni

i Ni

W v
v

W v

   



            (35) 

2

2

1 ( 0)

=0 ( =0)

i Ni
Ni

i Ni

W v
v

W v

  



             (36) 

2.1.5  Kalman filter design 

During the driving process of paddy farm machinery, a change 

in the front wheel angle causes a change in the body head.  The 

resultant rate measured by the gyro on the front wheel steering axis 

of the vehicle includes the rotation rate of the wheel relative to the 

body and the rotation rate of the wheel. 

                       (37) 

where, the gyro MEMS2 measures the combined rate of wheel 

rotation.  The transformation equation can be obtained 

                        (38) 

Equation (38) integrates the time to obtain the steering wheel 

angle of the wheels: 

( )dt                     (39) 

However, because the output of the MEMS gyroscope has 

error items such as random drift and zero offset, denoted as ξ, the 

integral calculation of the steering wheel angle of Equation (39) 

introduced error in the gyro results, and the accumulation of time 

caused the measured value of the steering wheel to diverge.  The 

angle feedback for navigation control was used in this study.  

Introducing the gyro error term, the true steering wheel angle is 

( )t dt                     (40) 

Derivation of both sides of Equation (40) yields 

t                       (41) 

Noise is usually present: 

              t gw w                     (42) 

where, wg represents the Gaussian white noise measured by the 

front wheel shaft gyro; wφ represents the Gaussian white noise 

measured by the body rotation rate. 

The measured value of the steering wheel angle is shown in 

Equation (2), and the measured value is composed of the real angle 

value θt and the measured Gaussian white noise wa. 

t aw                     (43)  

Assuming that the measurement noise and the estimated noise 

are independent of each other, the observation value is used to 

estimate the zero deviation of the wheel steering axis gyro integral 

measurement angle to construct the discrete Kalman filter state 

equation and observation equation, as shown in Equations (43) and 

(44), respectively. 

1

1

0 1 0

g
k k k k

v

w wtt
X X

w


 

                     
   

(44) 

 1 0k k aZ X w                   (45) 

where, X′k represents the state variable at time k; X′k−1 represents 

the state variable at time k+1; ∆t represents the Kalman filter 

calculation update frequency; ωk represents the wheel rotation rate 

output by the MEMS2 gyro at time k; k  represents the body 

rotation rate output by MEMS1 at time k; Z′k represents the 

observed value of the front wheel angle calculated by the heading 

angular rate of the tractor body and the center speed of the rear 

wheel axle at that moment; wv and wa both refers to Gaussian white 

noise. 

The time update estimation and measurement update 

calibration equations of the Kalman filter were established as 

Equations (6)-(10), iteratively solve the front wheel steering angle 

and gyro bias estimation problems, and obtain the optimal 

estimated steering angle value θc of the covariance. 

2.1.6  Ackerman steering nonlinear compensation 

The above-mentioned steering wheel angle measurement 

method treats agricultural machinery as a two-wheeled vehicle 

model.  The steering angle θc is the virtual wheel steering wheel 

angle at the center of the agricultural machinery’s front axle.  The 

actual sensor may be installed on the left or right front wheel, and 

θc represents steering with the left and right front wheels.  The 

geometric relationship of the angles is shown in Figure 4. 

 
Note: B is the wheelbase of the front wheel; L is the center distance of the front 

and rear wheels; M is the center of the virtual wheel; β, α, γ are the Angle 

between the steering origin and the right front wheel, the virtual wheel center, 

and the left front wheel, respectively. 

Figure 4  Geometric relationship between virtual wheel angle and 

actual wheel angle 
 

From Figure 4, the relationship between the virtual wheel 

steering angle and the real left and right front wheel steering angles 

of the two-wheeled vehicle model is given in Equations (46) and 

(47), respectively. 

cot cot / (2 )B L                 (46) 

cot cot /B L                  (47) 

where, γ and β respectively represent the steering angle of the left 

and right front wheels of the agricultural machinery. 

2.2  Experiment material 

The Shanghai Star rice direct-bearing model (with Yanmar 

YR60D head) was used as the research platform, and the linkage 

wheel angle sensor was used as the contrast steering wheel angle 

measurement sensor.  Among the components, the connecting rod 

type angle sensor adopts BEI's DUNCAN9360 model angle sensor 

(12-bit Hall-type position sensor, with a resolution of 2160° and a 
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linearity of ±0.5%).  The installation is shown in Figure 5.  The 

installation of wheel angle sensor include 11 parts.  Among them, 

the socket inner cleats are fixed to the wheel steering arm by fixing 

bolts, the lever of the paddle seat was socketed in the guide groove 

of the guide groove follower arm, the guide groove was hinged to 

the end of the follower arm on the hinge base, the hinge base was 

fixed to the frame, the sensor fixing plate was placed between the 

hinge base and the frame through bolts, the angle sensor was fixed 

to the sensor fixing plate, one section of the extension arm was 

fixed to the angle sensor rotating shaft, one section was fixed to 

one end of the double ball head rod, and the other end of the double 

ball head rod was fixed to the guide groove slave arm. 
 

 
a. Wheel Angle sensor installation 

structure drawing 

b. Wheel Angle sensor installation 

picture 
 

1. Socket inner splint  2. Fixing bolt  3. Wheel steering arm  4. Paddle seat  

5. Guide groove follower arm  6. Hinged base  7. Frame  8. Sensor fastening 

plate  9. Angle sensor  10. Extension arm  11. Double ball head rod 

Figure 5  Installation drawing of angle sensor for rice 

transplanter/rice direct seeding machine 
 

The heading and attitude reference system (AHRS) uses the 

MTi-300 inertial sensor produced by XSENS Technologies in the 

Netherlands, as shown in Figure 6c, which can measure the attitude 

(roll angle, pitch angle and heading angle) and acceleration of the 

rice transplanter body and provides angular velocity information.  

The static attitude measurement accuracy of MTi-300AHRS 

corresponds to the dynamic measurement accuracy.  During the 

test, the update frequency of the AHRS is set to 50 Hz. 
 

  
a. YR60 rice seeding machine b. Sinan K726OEM board 

 

  
c. MTi-300 AHRS d. 3-axis gyroscope 

 

Figure 6  Test platform and main sensers 
 

The dual gyroscope sensor includes a three-axis gyroscope and 

a single-axis gyroscope using two LINS300 MEMS gyroscopes 

from Wuxi Lingsi Technology Co., Ltd., China, which are set for 

three-axis and single-axis use, respectively, as shown in Figure 6d. 

The positioning system on the direct seeding machine adopts 

the K726 Beidou dual antenna satellite positioning OEM board 

produced by Shanghai Sinan Satellite Navigation Technology Co., 

Ltd., China, as shown in Figure 6b.  The K726 positioning data 

output frequency is 20 Hz, the data interface is RS232, the RTK 

horizontal positioning accuracy is 1 mm+1 parts per million (ppm), 

and the RTK heading angle accuracy is.  During the test, the K726 

OEM board is integrated into the driverless main controller. 

2.3  Experiment method 

To obtain an accurate measurement method for measuring the 

steering wheel angle of paddy field agricultural machinery, the 

linkage wheel angle measurement method was compared with the 

MEMS measurement method described in this study.  Therefore, 

the design experiment was designed to test the linkage wheel angle 

measurement and the dual MEMS fusion GNSS heading 

differential method path.  The measurement accuracy and 

dynamic response characteristics were tested and compared. 

The test installation and related parameters are designed as 

follows: 

1) The DUNCAN9360-type angle sensor is installed with the 

front wheel axle centre link type, the heading is provided by the 

Sinan K726 dual antennas, and two LINS300 MEMS gyroscope 

measuring devices are installed under the front wheel steering 

column and the front centre seat. 

2) The Kalman filter initialization parameters are 

100 0
(0)

0 100
P

 
   

, 
0.01

(0)
0.01

Q
 

   
, and R=0.5.  The 

initialization parameters of the adaptive Kalman filter are P(0)=100 

and Q(0)=0.005.  These parameters are selected based on trial and 

experience.  The adaptive formula of Q is 

( 0.1) / 2.9*0.295 0.005 0.1 3
( )

0.005 0.1

pe pe
Q pe

pe

    
 


 (48) 

The sensor lever arm values are lgnss=[0.8, 0.5, 1.5]T, lmems1= 

[0.1, 0.-5, 0.1]T, and lmems2=[0.5, 1.2, 0.2]T. 

During the test, the unmanned direct seeding machine is 

equipped with the above-mentioned required sensors, and the 

linkage wheel angle sensor is used as the input of the wheel angle 

information of the unmanned driving system.  The unmanned 

driving mode is used to test in the field.  The detailed test scheme 

is as follows: 1) The unmanned direct seeding machine at a 

velocity of 0.8 m/s along a present path to seed in the paddy field; 2) 

The seeding operation runs 3 lines of straight lines and 2 steering 

U-turns.  At the same time, the wheel angle information values 

measured by two-wheel angle measurement methods are obtained 

for comparison. 

3  Test results and analysis 

Figure 7 shows a field photograph of the paddy field test, and 

the wheel angle measurement results are shown in Figure 8.  

When driving in a straight line, the two-wheel angle measurement 

methods measure the overall trend of the wheel angles to be 

consistent, but there are some differences in the details.  In Figure 

8, when the unmanned direct seeding machine starts, the wheel 

angle measurement value is stable without notable fluctuations; 

When measuring the large steering angle, the connecting rod wheel 

angle measurement method is limited by the nonlinearity of the 

mechanical structure, and the maximum wheel angle limit can be 

measured is [−30°, 30°]; the maximum angle of the gyroscope 
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wheel angle measurement method is affected by the driving speed 

and heading of the agricultural machine, and the measurement 

angle range is relatively wide.  Therefore, when combining the 

limit of the steering angle of the paddy field agricultural machine, 

the gyroscope wheel angle measurement range is set to [−50°, 50°], 

at approximately 40 s as shown in the figure, the unmanned direct 

seeding machine starts to perform U-turn steering.  The linkage 

wheel angle sensor responds to steering approximately 0.6 s earlier 

than the gyroscope, but the gyroscope responds more quickly, and 

the slope of the large-angle steering response is greater.  At the 

same time, the maximum steering value is reached, indicating that 

the dynamic response performance of the steering wheel angle 

measured by the gyroscope is equivalent to the performance of the 

traditional linkage angle sensor, which can meet the needs of the 

large steering dynamic response of the paddy farm machinery. 
 

 
Figure 7  Paddy field test and test site 

 
Figure 8  Wheel angle comparison chart 

 

The difference between the wheel angles measured by the 

two-wheel angle measurement methods is shown in Figure 9.  The 

three-row wheel angle difference of the straight driving part is 

counted, as shown in Table 1, to investigate the performance of the 

two-wheel angle measurement methods in a straight line. 

From Table 1, it can be seen that the three-line average 

maximum deviation of the wheel angle measurement of the 

connecting rod type wheel angle sensor and the gyroscope wheel 

angle sensor when the agricultural machinery is driving straight is 

4.99°, the average absolute average value is 1.61°, and the average 

standard deviation is 0.98°.  The test results show that the gyro 

wheel angle sensor and the link type wheel angle sensor are used 

on the paddy field agricultural machinery, and the deviation of 

wheel angle measurement is not more than 1°, which is relatively 

small (based on the link type measurement, and compared with the 

results of the dryland tractor[23,24]).  The system exhibits good 

stability and meets the accuracy requirements of the unmanned 

steering wheel angle measurement of the paddy field agricultural 

machinery, indicating that the gyro wheel angle sensor can replace 

the connecting rod angle sensor for unmanned agricultural 

machinery. 

 
a. The first line Angle measurement difference 

 
b. The second line Angle measurement difference 

 
c. The third line Angle measurement difference 

Figure 9  Three-line wheel angle difference graph 
 

Table 1  Wheel angle measurement data statistics table (°) 

Row ME MAE RMSE 

Line 1 3.85 1.01 0.64 

Line 2 5.43 2.23 1.04 

Line3 5.7 1.58 1.25 

Mean 4.99 1.61 0.98 

Note: ME: Median; MAE: Mean Absolute Error; RMSE: Root Mean Square 

Error. 

4  Conclusions 

This study analyzed the problems that affect the MEMS 

gyroscope’s method of measuring the steering wheel angle in view 

of the randomly varying application environment of paddy field 

agricultural machinery.  An angle measurement method was 

developed. 

1) MEMS2 installed on the steering column of the front wheels 

was used to measure the angular rate of the steering wheels and the 

RTK-GNSS heading angular rate, the MEMS1 gyroscope installed 

on the body was used to measure the angular rate of the agricultural 

machinery body, and an adaptive Kalman filter was designed.  

The device filters the RTK-GNSS heading angular rate and 

compensates for the angular rate and speed measured by the 

MEMS gyroscope and RTK-GNSS to accurately obtain the angular 

rate of the agricultural machinery body and steering wheel. 

2) The adaptive weighting method was used for fusion 

processing of MEMS1 and RTK-GNSS measurements of 

agricultural machinery body steering rate, combined with the 

advantages of GNSS heading differential and MEMS gyroscope 
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angular rate measurement, to solve the problem of inaccurate wheel 

angle output at the start and stop of paddy farm machinery. 

3) A Kalman filter was designed, and the wheel angle 

information estimated by the kinematics model was used as the 

observation value.  The difference between the steering angle and 

the observation value obtained by pure steering wheel velocity 

integration was measured and substituted into the Kalman filter for 

optimal estimation.  The angle error and gyro zero offset output 

by the Kalman filter were used to feedback and correct the angle 

calculation and integration process to obtain the precise value of 

the wheel rotation angle. 

4) A comparative test with the connecting rod wheel angle 

sensor was designed.  The results show that the maximum 

deviation is 4.99°, the average absolute average value is 1.61°, and 

the average standard deviation is 0.98°.  The wheel angle 

measurement deviation of the proposed method and the connecting 

rod wheel angle sensor was not more than 1°, which was relatively 

small.  It has good stability, speed adaptability, and dynamic 

responsiveness meets the accuracy requirements of steering wheel 

angle measurement for paddy field agricultural machinery 

unmanned driving, and can be used instead of connecting rod angle 

sensors for unmanned agricultural machinery. 

5  Discussion 

1) Inertial device technology is developing rapidly; the 

accuracy and stability of MEMS gyroscopes are expected to 

improve, as will the accuracy and stability of the wheel angle 

measurement methods described in this study. 

2) The weighted design fusion described in this article and the 

Kalman covariance matrix Q adaptive dynamic adjustment process 

can use artificial neural network algorithms, genetic algorithms, 

and other intelligent algorithms to further improve the wheel angle 

measurement performance of agricultural machinery starting and 

high-speed driving. 

3) When agricultural machinery is operating at higher speeds, 

such as over 10 km/h, due to the low update frequency of the 

GNSS board, the noise of the heading differential value is large, 

and the noise of the MEMS gyroscope when the agricultural 

machinery moves at high speed in the undulating farmland 

increases significantly, as described in this article.  The accuracy 

and stability of wheel angle measurement need to be verified. 
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