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ARTICLE INFO ABSTRACT

In automatic driving system research of precision agriculture, the wheel steering angle was usually measured by
the non-contact absolute angle sensor such as Hall-effect sensor and angle encoder sensor. The problem of those
angle sensors was the complex mechanical structure which result in the difficulty of installation and main-
tenance. However, the gyroscope had the advantages of simple installation and long working life. But the gy-
roscope bias causes the error accumulates over time in automatic driving system. To solve this problem, a wheel
steering angle measurement system based on double Global Navigation Satellite System (GNSS) antennas and
two Micro-Electro-Mechanical System (MEMS) gyroscopes was proposed. The double GNSS antennas system
provided the speed, attitude angle, latitude and longitude of the vehicle. In addition, one MEMS gyroscope was
mounted on the wheel and measured the steering rate and another MEMS gyroscope was mounted on the vehicle
to measure the heading angular rate. Meanwhile, an adaptive Kalman filter using the above data was designed to
correct the errors of integration of the gyroscope data. The adaptive filter could adjust the noise matrix according
to the changes of system noise caused by road conditions and different tools. At the same time, the lever-arm
compensation algorithm was used to solve the speed error caused by lever-arm. Experiment was carried out to
verify the effectiveness of the system. The average error of the straight line experiment was 0.06 and the error
variance was 0.215 and the curve line experiment’s mean error was 0.746 and the error variance was 0.908. The
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result of the experiments showed that this system could meet the request of automatic driving system.

1. Introduction

During the past decades, the precision agriculture has a rapid de-
velopment. The extensive research of the precision agriculture not only
benefits productivity and environmental conditions, but also improves
the working conditions of farm managers, laborers, and operators
(Kenji Imou et al., 2009). As a result, the autopilot system which is the
key technology of the precision agriculture has received an increasing
awareness from the research community. The autopilot system can re-
place operator to do the monotony work and never has the mental fa-
tigue (Wang He and Jingtao, 2014; Mousazadeh, 2013). Higher accu-
racy is the direction of the autopilot system’s development to steering
accurately within tight rows and lanes without causing any damage to
the vegetation while maintaining a suitable working space (Roviramas,
2010). For the autopilot system, the accuracy of steering angle’s mea-
surement directly affects the accuracy of the autopilot (Dickson et al.,
2002).

Currently, there are two main kinds’ sensors to measure the steering
angle: one is the absolute angular displacement sensor (Han et al.,

* Corresponding author.
E-mail address: miaocx@ustb.edu.cn (C. Miao).

https://doi.org/10.1016/j.compag.2018.08.019

2015). Nagasaka et al. (2004) and his team proposed an autonomous
guidance system for rice transplanting. This system used an absolute
rotary encoder to sense the steering angle. Xiao (2016) devised a giant
magnetoresistance sensor which is precision and low-cost non-contact
steering angle sensor. The absolute angular sensor has more connec-
tions and complex mechanical structure (Bayar et al., 2015; Yang et al.,
2010), so it is to have malfunction and difficult to check and replace-
ment which can result in a waste of manpower and reducing the pro-
ductivity (Groves, 2015). Another kind sensor is relative angle sensor
such as MEMS gyroscope which get the angle by integral the sensor’s
output (Jun and Changying, 2002). Gyroscope as the inertial device has
the advantage of small volume and easy to install and replace. But the
output of gyroscope contains the zero bias and random drift. All this
measurement error course the steering angle’s error accumulate over
time (Zhang, 1999). To solve this problem, some researchers build the
Auto-Regressive and Moving Average Model (ARMA) time-series model
of MEMS gyroscope drift signal and use the Kalman filter to filter the
drift signal (Santana-Fernndez et al., 2010). Although this method can
reduce the effect of gyroscope random drift, the error caused by zero
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Fig. 1. Diagram of system installation.

bias still accumulate over time.

The purpose of this paper is to present a steering angle measurement
system based on the double GNSS and two MEMS gyroscopes to replace
the traditional angle sensor. This system uses the error equation of
steering angle and the vehicle kinematics model to build an adaptive
Kalman filter which can correct the angle error caused by gyroscope
zero bias. At the same time, the lever-arm compensation is proposed to
correct the speed error caused by the lever-arm.

2. Materials and methods
2.1. System, sensors and algorithm

As shown in the Fig. 1, the sensors of steering angle measurement
system contain double GNSS antennas and two MEMS gyroscopes. The
double GNSS antennas are mounted on the both sides of the main body
of the vehicle. The line between the two GNSS antennas is perpendi-
cular to the central axis of the vehicle. The GNSS antenna can provide
the speed, latitude and longitude of the vehicle. The MEMS gyroscope
which was mounted on the steering wheel measures the wheel steering
rate with the sensitive axis perpendicular to the ground. The MEMS
gyroscope mounted on the vehicle body measures the heading angular
rate.

The wheel MEMS gyroscope’s output contains the heading angle
change rate of vehicle and the wheel steering rate, expressed as follows:

where

w, — the ideal output of gyroscope
¢ — the heading angle change rate of vehicle
6 — the wheel steering rate

The heading angle change rate of vehicle ¢ was measured by the
MEMS gyroscope mounted on the vehicle body. The wheel steering
angle can be obtained by integral the wheel steering rate 8 which can be
expressed as follow:

0= [ (-¢)dt o)

where
0 — the wheel steering angle

Due to the characteristics of inertial devices, there are zero bias and
random drift in the gyroscope’s output, so the integral error of the
wheel steering angle accumulates over time. It is necessary to design a
Kalman filter to correct the angle output error.
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The calculation of angle can be expressed as:

§ =06+ 59 (3)
where

6 - the angle calculation

8¢ — the error of angle calculation

Derive the Eq. (3):
=6+ )

In the Eq. (4), the calculation of angle rate can be expressed as:

)

¢ — the zero bias of gyroscope

The error differential equation can be obtained by Egs. (5) and (2):

do=0-6=¢ 6)

The zero bias of MEMS gyroscope can be considered as the first
order Markov process which can expressed as:

. 1
Ei=-—8i+§g
T

@)
where

7 — time constant of the MEMS gyroscope
& — drive noise

According to the vehicle kinematics model (Chi et al., 2012), the
relationship between steering angle and the heading angle change rate
of vehicle can be expressed as follow:

tan 8
L

=V

(3

where

L —vehicle wheelbase
v — the speed of vehicle
6 — the expected steering angle

Thus, the expected steering angle can be calculated by the outputs

of sensors:

~ AL

6 = arctan kel
v

)

With the known measurement accuracy of the wheel speed and yaw
rate, the measurement accuracy of the ideal steering angle sensor can
be estimated in term of the variance propagation theory by
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2.2. Lever-Arm definition

vL
v? + (pL)?
(10)

In Eq. (9), the speed v which use to calculate the ideal steering angle is
the speed of the rear axis of the vehicle. But the GNSS antenna isn’t
mounted at the center of the rear axis in the practical application as shown
in the Fig. 2. When the vehicle is on curve movement, there are error caused
by the lever-arm effect (Jiancheng et al., 2013; Xianghong et al., 2013).

Defining I as the lever-arm vector from the vehicle reference point
to the positioning antenna in body, expressed as follow
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