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Pure Pursuit Control Method Based on SVR Inverse鄄model
for Tractor Navigation

Zhang Wenyu摇 Ding Youchun摇 Wang Xueling摇 Zhang Xing摇 Cai Xiang摇 Liao Qingxi
(College of Engineering, Huazhong Agricultural University, Wuhan 430070, China)

Abstract: Considering fact that uncertain longitndinal slip of tire and uncertain pavement leads to problem that trajectory of
tractor could not be accurately described by kinematic model, a pure pursuit Controlling method based on SVR inverse鄄
model was proposed for agricultural machine navigation. This paper analyzed and determined main structure and technical
parameters of method. The inverse鄄model for forward heading of tractor was established by using method of granular support
vector regression, and the corresponding relation function of kinematic theoretical curvature and actual curvature was
obtained. The error of pure pursuit navigation model was corrected via inverse鄄model, thus the adaptability and dynamic
performance of pure pursuit Controlling method were improved. The path tracking experiments of navigation system for
tractor was conducted, which showed that the maximum of linear tracing pitch yaw roll error was less than 0郾 061 4 m when
the speed of agricultural machinery was 1郾 2 m / s and path length was longer than 125 m. Compared with the method of
conventional pure pursuit navigation model, the pure pursuit Controlling method based on SVR inverse鄄model has better
linear tracking performance. Field experiment results indicated that the maximum lateral deviation was 0郾 088 7 m when the
running speed of the tractor was 0郾 5m / s. Meanwhile, the controller significantly improved precision of field experiment.
Based on path tracking experiments and field experiments, the navigation Controlling method could be applied to automatic
row鄄controlled operation of 2BFQ - 6 type direct鄄seeding combined dual purpose planter for rapeseed.
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0摇 Introduction

摇 Controlling method of farm path tracking was key
technique of intelligent navigation[1 - 2] . It was studied
by many scholars at home and abroad including
proportion integration differentiation control[3 - 4], fuzzy
control[5 - 6], optimal control[7 - 8] and pure pursuit
control[9 - 10] . Proportion integration differentiation
control and fuzzy control didn蒺t rely on specific
mathematical models. However, optimal control and
pure pursuit control relied on specific mathematical
models. Fuzzy control, genetic algorithm and particle
swarm optimization controller were used to optimize
parameters by Li et al[9], Zou et al[11] and Meng et
al[12], respectively. Therefore, nevertheless few
mathematical models were optimized. Kinematic model

was optimized by Erkan et al[13] who used stimulus鄄
response method identification method. However,
Linear model had limit fitting capability. Self鄄tuning
controller was used to optimize kinematic model by Bai
et al[14], which could improve tracking performance of
curve path and could not improve tracking performance
of line path. Neural networks were used to turn
identification system model by Zhu et al[15] and
Hamzaoui et al[16] . The neural networks had high
robustness and nonlinear fitting capabilities, however it
required many training samples, and real鄄time
computing performance was weak and easy to fall into
local minimum solution. Appropriate modeling
approach could improve control quality.
摇 In order to establish high鄄precision navigation tractor
models for improving tractor linear tracking accuracy,



SVR ( Support vector regression ) model based on
tractor navigation inverse model of pure pursuit
controlling method was proposed. SVR regression
method was based onstructural risk minimization. It is
more stable and stronger generalization ability than
conventional methods, because it used small samples
and statistical learning methods to establish regression
model. Navigation controller was designed by using
this method. The controller could be applied to
automatic row鄄controlled operation of 2BFQ - 6 type
direct鄄seeding combined dual purpose planter for
rapeseed.

1摇 Structure of tractor navigation system

摇 With navigation objects as Dongfanghong - LX854
tractor for 2BFQ -6 type direct鄄seeding combined dual
purpose planter for rapeseed. The system was divided
into hardware and software. The hardware included
RTK - GNSS systems, DWQT - BZ - V - 60 - G鄄type
angle sensor, NI - USB -6216 data card, TPC6000 -
6100T type IPC and steering actuators. The software
was pure pursuit inverse model control based on SVR.
SINAN M300 RTK - GNSS system was used to receive
location information. DWQT - BZ - V - 60 - G鄄type
angle sensor and NI - USB - 6216 data card was used
to collect signal of front wheel angle. Navigation
controller operation output steering control signal that
was based on pose information and angle signal. Full
hydraulic steering control valve system made tractor to
navigate by signal of pure pursuit control inverse鄄model
control. The system is presented in Fig. 1.

Fig. 1摇 Structure diagram of navigation system
摇

2 摇 Design of pure pursuit control method
based on SVR inverse鄄model

摇 Four parts of pure pursuit control method based on
SVR inverse鄄model were Kalman filter, pure pursuit
model, SVR inverse鄄model and variable universe fuzzy

controller[18] . The structure of pure pursuit control
method based on SVR inverse鄄model was visualized in
Fig. 2.

Fig. 2摇 Schematic block of pure pursuit control method
based on SVR inverse鄄model

摇
摇 where 兹 is deviation of heading angle with angle of
path direction; 琢p is the turning angle from pure
pursuit model; 琢忆 is turning angle from SVR inverse鄄
model; 琢r is the realized steering angle.
2郾 1摇 Design of Kalman filter
摇 Error of SINAN M300 type RTK鄄GNSS system was
依 1郾 5 cm. Meanwhile, there were other errors that
caused by tilt and shake of tractor. Sampling error also
could not be ignored. They will affect quality of
controller navigation path. For improving location
accuracy, the Kalman filter algorithm was introduced to
process the initial locating results[19] . By using Kalman
filter, this algorithm could filter handle deviations of
lateral and direction. According to data of preliminary
test, Qd was processed incentive noise covariance鄄
driven of lateral deviation d, it was set to 0郾 1. Rd was
measured noise covariance鄄driven of lateral deviation,
and it was also set to 0郾 1. Q兹 was processed incentive
noise covariance鄄driven of direction deviation 兹, it was
set to 0郾 6. R兹 was measured noise covariance鄄driven of
direction deviation, it was also set to 0郾 8. Combining
Kalman filter prediction and linear interpolation,
position of tractor could make up in sampling interval.
Experiments showed that this algorithm could
effectively improve speed adaptability.
2郾 2摇 Design of pure pursuit controller
2郾 2郾 1摇 Kinematics model of the tractor
摇 The simple kinematics model for tractor was
established, because some factors were difficult to
measure including longitudinal slip of tire and axle
rigidity. The kinematic model of tractor was similar to
the well鄄known bicycle model[15] . The kinematic
model of tractor was given as follow

兹忆 = vtan琢
l = 酌v (1)

where 兹忆 was change rate of the heading angle; 琢 was
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the front wheel turning angle; v was the real鄄time
speed; l was the wheelbase and 酌 was turning
curvature.
2郾 2郾 2摇 Design and improvment of pure pursuit model
摇 Pure pursuit model was used for calculating path of
tractor by choosing suitable beforehand point[10] as
Fig. 3. Where Ld was distance of beforehand point, R
was turning radius of tractor and O was center of a
circle.

Fig. 3摇 Geometric diagram of pure pursuit model
摇

摇 Function in accordance with the geometry of pure
pursuit model shown in Fig. 3.

酌 =
2(dcos兹 - L2

d - d2 sin兹)
L2
d

(2)

Eqs. (1) and (2) could be integrated to obtain 琢.

琢 = arctan
2l(dcos兹 - L2

d - d2 sin兹)
L2
d

(3)

摇 When the value of Ld was determined, d and 兹 were
determinants of front wheel turning angle 琢. There was
only one controllable parameter Ld . The system could
not adjust the control strategy flexibly when forward
speed of tractor is different. Therefore, it introduced
two adjustment coefficients 孜1 and 孜2 . 孜1 affected
control effectiveness of d in the modified model, and 孜2

affected control effectiveness of 兹. 孜1 and 孜2

respectively affected control accuracy and stability of
tracking system.

摇 琢 = arctan
2l(孜1dcos兹 - 孜2 L2

d - d2 sin兹)
L2
d

(4)

摇 Ld, 孜1 and 孜2 varied with speed v of tractor change.
The system stability was more important when the
speed v was high. Therefore, it would reduce 孜1,
increase 孜2 and Ld in the high speed. The method
improved system stability under premise of ensuring
accuracy. The relation was as follows

Ld =
1郾 6 + min(1郾 5(v - 0郾 7),1郾 6) (v > 0郾 7)
1郾 6 (v臆0郾 7{ )

孜1 =
1 (v > 0郾 7)
1 + 0郾 6(0郾 7 - v) (v臆0郾 7{ )

孜2 =
1 + min(0郾 5(v - 0郾 7),1郾 2) (v > 0郾 7)
1 (v臆0郾 7{

ì

î

í

ï
ï
ï
ï

ï
ï
ïï )

(5)
摇 According to Eqs. (4) and (5), the pure pursuit
controller was designed.
2郾 3摇 Design of inverse鄄model based on SVR
摇 The accuracy of control model was improved by
establishing inverse鄄model. Because there were
effected longitudinal slip of tire, pavement properties,
vehicle angle and sensor system error. Kinematic
model could not accurately describe trajectory of
tractor. Meanwhile, it was difficult to deduce model
from forward direction. The data of 兹忆 and 琢r were
recorded to design inverse鄄model of relationship
between 兹忆 and 琢r . The inverse鄄model was used to
correct control error that caused by simplification
kinematics model. The errors of 兹忆 data were so larger
that it is impossible to establish model, therefore, the
original 兹忆 data was processed by Gauss鄄granular
pretreatment. Structure of inverse鄄model by granular
support vector regression was shown in Fig. 4. Where
{琢r, 琢忆m} was the set of Gauss鄄granular.

Fig. 4摇 Structure of inverse鄄model by granular support
vector regression

摇
2郾 3郾 1摇 Gauss鄄granular pretreatment
摇 In order to establish relationship between actual
turning curvature 酌r and theoretical curve curvature
酌m, it was introduced theoretical front wheel turning
angle 琢m . 酌r and 琢r were recorded by navigation system
that was based on Eq. ( 1 ), the 酌m and 琢m were
calculated in Eq. (6).

琢m = arctan(酌r l) (= arctan 兹忆
v )l

酌m =
tan琢r

ì

î

í

ï
ï

ï
ï l

(6)

摇 Eq. (6) showed that relationship of actual turning
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curvature 酌r and theoretical curve curvature 酌m could
be transformed into relationship of 琢m and 琢r . It was
琢m = f(琢r) . 琢p was calculated by pure pursuit model,
then used to get correction turning angle 琢忆 by
relationship model of 琢m with 琢r . 琢p corresponded to
theoretical front wheel turning angle of pure pursuit
model. 琢忆 was actual need turning angle for achieving
theoretical curve curvature.
摇 兹忆 and v were used to obtain 琢m by Eq. (6), 兹忆 was
calculated from position information. Sampling
frequency of position of RTK - GNSS was 2 Hz,
therefore, frequency of 琢m data was also 2 Hz.
Sampling frequency of NI - USB - 6216 data card was
5 000 Hz, 琢r was average value of 500 data, and
frequency of 琢r was 10 Hz. In order to make 琢r and 琢m

to have same frequency, the average value of A in the
location signal scan internal was used to set up the data
set A:{琢r, 琢m}.
摇 琢r and 琢m data corresponded to the distribution map
as shown in Fig. 5. Error of measurement was caused
by error of system. The efficiency and accuracy of
model that use the original data were low and difficult
to improve control accuracy.

Fig. 5摇 Relation graph of theory and practice front wheel angle
摇摇 It was difficult to obtain a precise mathematical

model. Therefore, data should pre鄄process by Gauss鄄
granular method. The method was to replace data of a
certain range with a certain rule to a granular. Because
琢r was measured with high accuracy. The data were
preprocessed by longitudinal granularity method. The
method steps were showed as follows:
摇 (1) Within a certain range which center was 琢ri and
width was 2滋 ( 琢r, 琢m ) data was constructed into a
granularity. Granularity size of information granularity
was [琢ri - 滋, 琢ri + 滋] .
摇 (2) In the range 琢m data was averaged by Gauss

weighted, the center point of range was 琢ri .
w j = e -( | 琢rj-琢ri| ) / (2滓2)

琢忆mi =
移

n

j = 1
w j琢mj

移
n

j = 1
w

ì

î

í

ï
ïï

ï
ïï

j

(7)

where j was sequence number of data in the range of
information granularity; n was sample size of
information granularity; w j was Gauss weighted; 滓 was
the standard deviation of Gauss function, and 琢忆mi was
values of information granularity.
摇 (3) Values of 琢忆mi was calculated form a set (琢ri,
琢忆mi) of granularity.
摇 Width of set was determined by width of front wheel
turning angle 琢r . 琢r was varied greatly ( 依 10毅) when
Tractor was turning or adjusted. 琢r was varied smaller
when tractor was steady tracking state, its range
reaches 依 2毅. The adaptability of method that used to
fix width 2滋 was low. Therefore, the dynamic
granularity method was used to solve the problem of
particle size adaptability. The width 2滋 of information
granularity changes with overall width of set A. The
dynamic granularity calculation steps of data set were
showed as follows:
摇 (1) According to the width 琢r 沂[琢rmin,琢rmax ] of
original data set A, width 2滋 of the information
granularity was determined.

滋 = (琢rmax - 琢rmin) / n忆摇 (n忆 = 24)
摇 (2) Granularity center was 琢ri .

琢ri = 琢rmin + i 滋摇 ( i = 1,2,…,n忆)
摇 (3) Structuring information granularity was based on
琢ri and 滋. And the adjacent information granularity
range was partially overlap, which enhances the
granularity data linearity. 滓 was set to 滋 / 2, 琢忆mi was
calculated according to the granularity method above.
new set { 琢r, 琢忆m } of dynamic granularity data was
composed.
2郾 3郾 2摇 Application of support vector regression
摇 SVR support vector regression method was used to
identify and build model from set {琢r, 琢忆m}. Fitting the
data is {(xi,yi),i = 1,2,…,l},xi沂Rn, l was sample
size. In this paper, x = 琢r and y = 琢忆m . SVR was
realized through practical problems were mapped to
high鄄dimensional feature space by nonlinear mapping,
structure linear discriminant function in high
dimensional space realized non鄄linear regression
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function of original space.
f(x) = wT渍(x) + b

where w was the weight vector, 渍( x) is nonlinear
onlinear mapping of high鄄dimensional feature space, b
was a bias term.
摇 In order to improve the robustness of method, this
method introduced insensitive loss factor 着, loss
function was L ( in Eq. (8)). The definition of value
is loss less when the error of model with the actual
value was less than 着.

L(y,f(x),着) =
0 ( | y - f(x) |臆着)
| y - f(x) | - 着 ( | y - f(x) | > 着{ )

(8)
摇 Minimizing risk of high鄄dimensional feature space
function was based on the SRM principle. Therefore,
the problem was equivalent to 椰 w椰2 minimization
problem. The complexity of fitting function was
reduced by relaxation factor 灼i and the penalty factor
C. the function was showed as follow

min
w,b,灼,灼*

1
2 wTw + C 移

l

i = 1
灼i + C 移

l

i = 1
灼*
i

s. t. 摇 wT渍(xi) + b - yi臆着 + 灼i
摇 摇 摇 yi - wT渍(xi) - b臆着 + 灼*

i

摇 摇 摇 (灼i逸0,灼*
i 逸0, i = 1,2,…,l

ì

î

í

ï
ï
ïï

ï
ï
ï )

(9)

摇 The Lagrange function was introduced to solve the
minimization problem. The problem was further
transformed into a dual problem

min
茁,茁*

1
2 (茁 - 茁*) TQ(茁 - 茁*) +

摇 摇 着移
l

i = 1
(茁i + 茁*

i ) + 移
l

i = 1
yi(茁i + 茁*

i )

s. t. 摇 移
l

i = 1
(茁i - 茁*

i ) = 0

摇 摇 摇 摇 (0臆茁i;茁*
i 臆C;i = 1,2,…,l

ì

î

í

ï
ï
ï
ïï

ï
ï
ï
ïï )

(10)

Where 茁,茁* were Lagrange multiplier, Q was kernel
function (K(xi,x j) = 渍(xi) T渍(x j)).
摇 The approximation function was a decision function

f(x) = 移
l

i = 1
( - 茁i + 茁*

i )K(xi,x) + b (11)

摇 SVR kernel function K(xi,x j) determined structure
and characteristics of high dimensional space, and then
determined the performance of the algorithm. RBF
kernel function was used to fit regression model. 着 and
C was important parameters for computation time and
accuracy of the model. 着 was set to 10, C was set to

0郾 2.
2郾 3郾 3摇 Converse modeling
摇 Theoretical front wheel turning angle 琢m was
calculated by real鄄time location information and
running speed. Meanwhile the relationship between 琢m

and 琢r was identified by inverse model based on SVR.
modeling specific steps:
摇 (1) The data set A: { 琢r, 琢m } was acquired by
80 seconds for model has good timeliness. The
frequency of collecting data set was 2 Hz in view of
localization frequency. The new data would replace the
old data before 80 s, and set A contains 160 data.
摇 (2) The granularity data set A was obtained by the
dynamic Gauss鄄granularity.
摇 (3) Regression model f(琢r) of set {(琢ri, 琢忆mi ),
i = 1,2,…, n忆, n忆 = 24} was identified by support
vector regression.
摇 The inverse鄄model was used to correct output value
of the pure pursuit model. Revised front wheel turning
angle 琢忆 was calculated by inverse function f - 1(琢p) of
inverse鄄model.
2郾 3郾 4摇 Simulation of GSVR inverse鄄model
摇 In order to test the performance of model, the
inverse鄄model was emulated. Test was used the
navigation system of Dongfanghong LX - 854 type
tractor. The collection frequency 兹 was 2 Hz and front
wheel turning angle 琢r was 10 Hz. According to
experimental data, the model of tractor course was
simulated by using the inverse鄄model and the kinematic
model. Both results were compared. The simulation
steps were as follow:
摇 (1) Inverse鄄model was established by SVR modeling
method when the tractor navigation system was linear
tracking.
摇 ( 2 ) Simulation rate of heading angle 兹忆kin was
calculated by kinematics model and turnning angle 琢r .
Simulation heading angle 兹kin was integral of 兹忆kin .
摇 (3) 琢m was revised 琢r by inverse鄄model. Inverse鄄
model rate of heading angle 兹忆GSVR was calculated by
kinematics model and 琢m . Inverse鄄model heading angle
兹GSVR was integral of 兹忆GSVR .
摇 The initial heading angle of simulation experiment
was - 0郾 21毅, and simulation forecast time was 30 s.
The results of model comparison were shown in Fig. 6a.
琢r equaled 琢m in the ideal modle which does not
consider influence of tire longitndinal slip, the sensor
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system error and pavement properties. f ( 琢r ) was
different with ideal model, and the difference was
corrected ideal model by f ( 琢r ). The comparison
results of inverse鄄model simulation and actual of
heading course were shown in Fig. 6b. The average
prediction difference between simulation of kinematics
model and actual heading course was 1郾 43毅. The
average prediction difference between simulation of
inverse鄄model and actual heading course was 0郾 26毅.
The simulation experiments showed that the inverse鄄
model has better forecasting ability and higher
accuracy.

Fig. 6摇 Contrast diagram of simulation experimen
摇

3摇 Experimentation of navigation controller

摇 The controller of navigation based on SVR inverse鄄
model used MFC ( Microsoft foundation classes )
framework with C + + program. It was loaded into
the TPC 6000 - 6100T type industrial control
computer. The controller experiment was carried out on
LX - 854 tractor navigation system for direct鄄seeding
combined planter(Fig. 7). Using Sinan M300 RTK -
GNSS system to obtain the tractor navigation and
position information, acquisition frequency of position
information was 2 Hz, and horizontal positioning
accuracy was 依 ( 10 + 1 伊 10 - 6 D ) mm. The
performance experiment, comparison experiment and

Fig. 7摇 Navigation system of agricultural machine
1. System of terminal摇 2. Electronic steering operator摇

3. Angular transducers摇 4. RTK - GNNS
摇

field experiment for navigation system were conducted,
respectively.
3郾 1摇 Performance experiment of navigation system
摇 The performance experiment of navigation controller
was conducted on standard cement road in Huazhong
Agricultural University, and the tracking controller
used SVR inverse model. The equation of target line
was calculated by position of two ends. The penalty
coefficient C and epsilon insensitive loss factor 着 of
support vector regression ( SVR) were 10 and 0郾 2.
SVR used the Gauss kernel function, and the
parameters of pure pursuit model were set up by
Eq. (5). The speed v of tractor was 1郾 2 m / s, and the
experiment was carried out in 3 groups. Lateral
deviation of line tracking of navigation system was
recorded. The sampling rate was 2 Hz. The experiment
results were showed in Tab. 1, and the lateral deviation
of No. 1 experiment was showed in Fig. 1. The results
showed that the controller had smaller characteristics of
maximum lateral deviation and higher tracking
accuracy.

Tab. 1摇 Performance experimental results of
straight line path

Experiment
No.

Maximum
lateral

deviation / m

Mean
absolute

deviation / m

Standard
deviation /

m

Driving
distance /

m
1 0郾 061 4 0郾 015 4 0郾 016 9 168
2 0郾 055 8 0郾 014 5 0郾 017 8 140
3 0郾 057 3 0郾 014 9 0郾 017 3 125

Mean 0郾 058 2 0郾 014 9 0郾 017 3 144

3郾 2摇 Comparison experiment of navigation system
摇 Comparison experiment of navigation controller was
conducted on standard cement road. Conventional
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tracking controllers used pure pursuit model with
unrevised front wheel angle 琢. According to different
driving speed, the level of experiment speed was
divided into five levels: 0郾 6 m / s, 0郾 8 m / s, 1郾 0 m / s,
1郾 2 m / s and 1郾 4 m / s. The results of experiment were
showed in Tab. 2, which showed that the maximum
lateral deviation of inverse model group were reduced
0郾 014 6 m, 0郾 022 0 m, 0郾 038 3 m, 0郾 036 8 m and
0郾 058 3 m, arespectively, and the average absolute
deviation decreased 0郾 006 0 m, 0郾 009 4 m, 0郾 011 2 m,
0郾 016 6 m and 0郾 027 9 m, respectively. The
摇 摇 摇 摇

results showed that the controller based on SVR inverse
model has better control precision and speed
adaptability.

Fig. 8摇 Lateral deviation diagram of No. 1 straight line path
摇

Tab. 2摇 Comparative experimental results of straight line path

Level
Average speed /

(m·s - 1)
Control method

Maximum lateral
deviation / m

Mean absolute
deviation / m

Standard
deviation / m

Driving
distance / m

1
0郾 698 Inverse model 0郾 030 0 0郾 007 2 0郾 008 8 112
0郾 624 Comparison 0郾 044 6 0郾 013 2 0郾 015 7 125

2
0郾 786 Inverse model 0郾 039 3 0郾 014 5 0郾 014 8 112
0郾 800 Comparison 0郾 061 3 0郾 023 9 0郾 014 8 144

3
1郾 026 Inverse model 0郾 040 4 0郾 012 8 0郾 015 8 134
0郾 963 Comparison 0郾 078 7 0郾 024 0 0郾 017 1 144

4
1郾 218 Inverse model 0郾 057 3 0郾 014 9 0郾 017 3 125
1郾 203 Comparison 0郾 094 1 0郾 031 5 0郾 020 3 102

5
1郾 485 Inverse model 0郾 062 0 0郾 019 2 0郾 019 4 99
1郾 361 Comparison 0郾 120 3 0郾 047 1 0郾 043 4 70

3郾 3摇 Field experiment of navigation system
摇 Navigation system test was conducted in rape field
base of Huazhong Agricultural University in 21 May
2015. The plots length was 50 m. Experiment used
Dongfanghong LX - 854 tractor hanging 2BFQ - 6 type
direct鄄seeding combined dual purpose planter for
rapeseed. In the experiment, the tracking controller
based on SVR model and the conventional models were
used respectively for straight line tracking. The driving
speed was 0郾 5 m / s, and results of experiment were
showed in Tab. 3, which showed that pure pursuit
control method based on SVR inverse鄄model was
suitable operation for planter in field, and control
precision was lower compared with road test. Because
the turning characteristics are influenced by front
positive pressure, land leveling, the whole of the
machine rigidity, soil solid degree, soil moisture and
vegetation cover and other factors when planter worked
in the field, it was more difficult to deduce tractor
driving model of field from dynamic point. So it was
more feasible and effective to establish a inverse model
for improving path tracking accuracy in the field
navigation.

Tab. 3摇 Experiment results of field straight line path

Control
method

Maximum
lateral

deviation / m

Mean
absolute

deviation / m

Standard
deviation / m

Inverse model 0郾 088 7 0郾 036 1 0郾 043 3
Comparison 0郾 127 9 0郾 055 3 0郾 037 6

4摇 Conclusions

摇 (1) Navigation system of Dongfanghong LX - 854
tractor was constructed and pure tracking control
method based on SVR inverse model was studied. In
order to achieve tracking control optimization method,
SVR inverse鄄model was used to correct control error
that caused by simplification kinematics model. The
results of control method for road linear tracking
experiment showed that the driving distance was longer
than 125 m, speed v was 1郾 2 m / s, the maximum
horizontal deviation was less than 0郾 061 4 m and the
absolute average deviation was not more than 0郾 015 4
m. The method had higher precision and speed
adaptability compared with conventional tracking
control method. The results of field experiment showed
that pure pursuit control method based on SVR inverse鄄

7No. 1摇 摇 摇 摇 Zhang Wenyu, et al: Pure Pursuit Control Method Based on SVR Inverse鄄model for Tractor Navigation



model was suitable for planter in field.
摇 (2)The accuracy of field experiment was lower than
that of pavement experiment because the precision was
influenced by friction coefficient of tire and soil, soil
hardness, soil roughness, soil water content.
Analyzing and studying effect of various factors on the
field navigation optimized controller parameters and
mathematical model would improve adaptability and
precision of field navigation.
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基于 ＳＶＲ逆向模型的拖拉机导航纯追踪控制方法
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摘要：针对行驶过程中轮胎侧滑量、路面性质等不确定性因素导致传统拖拉机二轮运动学模型难以准确描述拖拉

机运动轨迹的问题，提出了一种基于 ＳＶＲ（Ｓｕｐｐｏｒｔｖｅｃｔｏｒｒｅｇｒｅｓｓｉｏｎ）逆向模型的拖拉机导航纯追踪控制方法。采用

粒度支持向量回归（Ｇｒａｎｕｌａｒｓｕｐｐｏｒｔｖｅｃｔｏｒｒｅｇｒｅｓｓｉｏｎ，ＧＳＶＲ）方法建立了拖拉机前进航向的逆向模型，实时获得实

际转弯曲率与运动学理论转弯曲率的函数关系，逆向模型对纯追踪导航模型输出进行，校正提高了纯追踪导航控

制方法的适应性和动态性能。拖拉机导航系统的路径追踪路面试验结果表明：当行驶距离大于 １２５ｍ、行驶速度为

１２ｍ／ｓ时，直线追踪最大横向偏差小于００６１４ｍ，较常规纯追踪模型导航方法具有更好的直线追踪性能；田间试

验结果表明：该导航控制方法适用于 ２ＢＦＱ－６型油菜精量联合直播机自动对行作业。

关键词：拖拉机；导航；逆向模型；支持向量回归；纯追踪模型
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　　引言

农机路径跟踪控制方法是农机智能导航核心关

键技术
［１－２］

。国内外有众多学者对路径跟踪控制方

法进 行 了 研 究，其 中 主 要 包 括 ＰＩＤ（Ｐｒｏｐｏｒｔｉｏｎ
ｉｎｔｅｇｒａｔｉｏｎｄｉｆｆｅｒｅｎｔｉａｔｉｏｎ）控制［３－４］

、模糊控制
［５－６］

、

最优控制
［７－８］

和纯追踪控制
［９－１０］

等方法，ＰＩＤ控制
和模糊控制属于不依靠具体数学模型的控制方法，

最优控制和纯追踪控制则依赖于具体数学模型。李

逃昌等
［９］
、邹彦艳等

［１１］
和孟庆宽等

［１２］
分别使用模

糊控制、遗传算法和粒子群算法对控制器参数进行

优化，而针对数学模型进行优化的较少。Ｅｒｋａｎ
Ｋａｙａｃａｎ等［１３］

使用激励响应法辨识了逆向运动学模

型，该线性模型优化了运动学模型，但线性模型的拟

合度有限；白晓平等
［１４］
使用自校正控制器对运动学

模型进行校正，其修正方法改善了曲线路径的跟踪

效果，但其校正精度对直线跟踪效果改善不显著，要

从建模角度改善直线跟踪效果，则需要建立精度更

高更符合实际过程的数学模型；朱茂飞等
［１５］
、

Ｈａｍｚａｏｕｉ等［１６］
使用神经网络的方法逆向辨识系统

模型，神经网络方法具有较高的鲁棒性和非线性拟

合能力，但训练需要大量样本，实时运算性能较弱且

容易陷入局部极小解。

为了建立高精度拖拉机导航模型，从而提高

拖拉 机 直 线 跟 踪 精 度，提 出 一 种 基 于 ＳＶＲ
（Ｓｕｐｐｏｒｔｖｅｃｔｏｒｒｅｇｒｅｓｓｉｏｎ）逆向模型的拖拉机导
航纯追踪控制方法。ＳＶＲ方法是将支持向量机
（Ｓｕｐｐｏｒｔｖｅｃｔｏｒｍａｃｈｉｎｅ，ＳＶＭ）方法扩展到回归拟
合领域中的一种高效回归方法。依据结构风险

最小 化 归 纳 原 则 （Ｓｔｒｕｃｔｕｒａｌｒｉｓｋｍｉｎｉｍｉｚａｔｉｏｎ，
ＳＲＭ），采用小样本和统计学习方法建立回归模
型，较常规方法更稳定，泛化能力更强

［１７］
。本文

依据该控制方法设计路径跟踪控制器，于油菜 精

量联合直播机的配套动力东方红 ＬＸ８５４型拖拉
机导航系统上进行试验。

１　拖拉机导航系统结构

导航系统以油菜精量联合直播机配套动力东方

红 ＬＸ８５４型拖拉机为研究对象。该系统由硬件和
软件组成。硬件部分由 ＲＴＫ ＧＮＳＳ系统、ＤＷＱＴ
ＢＺ Ｖ ６０ Ｇ型角度传感器、ＮＩ ＵＳＢ ６２１６型多
功能数据卡、ＴＰＣ６０００ ６１００Ｔ型工控机和转向执行
机构组成；软件部分为基于 ＳＶＲ逆向模型纯追踪控
制器。使用司南 Ｍ３００ＲＴＫ ＧＮＳＳ系统获取位姿
信息，采用 ＤＷＱＴ ＢＺ Ｖ ６０ Ｇ型角度传感器和
ＮＩ ＵＳＢ ６２１６型多功能数据卡采集前轮转角信

号，导航控制器对位姿信息和转角信号进行处理并

运算输出转向控制信号，全液压阀转向控制系统依

据控制信号作出相应的执行动作实现拖拉机导航作

业。拖拉机导航系统结构如图１所示。

图 １　拖拉机导航系统结构示意图

Ｆｉｇ．１　Ｓｔｒｕｃｔｕｒｅｄｉａｇｒａｍｏｆｎａｖｉｇａｔｉｏｎｓｙｓｔｅｍ

２　基于 ＳＶＲ逆向模型的纯追踪控制器设计

基于 ＳＶＲ逆向模型的纯追踪控制器由卡尔
曼滤波器（Ｋａｌｍａｎｆｉｌｔｅｒ）、纯追踪模型、粒度支持
向量（Ｇｒａｎｕｌａｒｓｕｐｐｏｒｔｖｅｃｔｏｒｒｅｇｒｅｓｓｉｏｎ，ＧＳＶＲ）逆
向模型和转向变论域模糊控制器

［１８］４部分构成。
该控制器结构如图 ２所示。图中，ｄ为经过卡尔
曼滤波的横向偏差（拖拉机定位位置与预定路径

的垂直距离）；θ为经过卡尔曼滤波的航偏角（拖
拉机前进航角与路径方向角的偏差）；αｐ为纯追
踪模型的前轮转角期望值；α′为通过 ＧＳＶＲ逆向
模型校正后的前轮转角期望值；αｒ为拖拉机前轮
实时转角。

图 ２　基于 ＳＶＲ逆向模型的纯追踪控制器结构框图

Ｆｉｇ．２　Ｓｃｈｅｍａｔｉｃｂｌｏｃｋｏｆｐｕｒｅｐｕｒｓｕｉｔｃｏｎｔｒｏｌｍｅｔｈｏｄ

ｂａｓｅｄｏｎＳＶＲｉｎｖｅｒｓｅｍｏｄｅｌ
　
２１　卡尔曼滤波器设计

使用的 ＲＴＫ ＧＮＳＳ定位系统为司南 Ｍ３００系
统。定位误差会影响控制器导航品质，该误差受定

位系统精度、拖拉机倾角、路况和采样间隔等因素影

响。为减小定位系统误差引入了卡尔曼滤波
［１９］
。

运用卡尔曼插值滤波器分别对 ＲＴＫ ＧＮＳＳ定位系
统采集的横向偏差和航向偏差信息进行滤波处理。

依据前期试验数据分析，其中横向偏差 ｄ的过程激
励噪声协方差 Ｑｄ设为 ０１，观测噪声协方差 Ｒｄ设
为０１；航偏角 θ的过程激励噪声协方差 Ｑθ设为
０６，观测噪声协方差 Ｒθ设为 ０８。并对定位采样
间隔进行频率为 １０Ｈｚ的卡尔曼插值预测，以提高
导航速度适应性。
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２２　纯追踪导航控制器设计
２２１　拖拉机运动学模型简化

本文的控制对象为东方红 ＬＸ８５４型拖拉机。
由于轮胎侧滑、车轴刚度等因素影响四轮车体模型

的建立，且大部分因素难以准确测量。故采用简化

二轮车运动学模型
［１５］
。由简化二轮车运动学模型

可以推导得

θ′＝ｖｔａｎαｌ
＝γｖ （１）

式中　θ′———拖拉机航偏角变化率
α———拖拉机转角期望值
ｖ———拖拉机前进速度
ｌ———拖拉机轴距
γ———拖拉机转弯曲率

２２２　纯追踪几何模型构建与改进
纯追踪模型是依据拖拉机的运动学方程和几何

学方程描述拖拉机在固定前视距下前进路径的模

型
［１０］
。纯追踪模型几何学示意图如图 ３所示。图

中，Ｌｄ为前视距，Ｒ为转弯半径，Ｏ为转弯圆心。

图 ３　纯追踪几何模型示意图

Ｆｉｇ．３　Ｇｅｏｍｅｔｒｉｃｄｉａｇｒａｍｏｆｐｕｒｅｐｕｒｓｕｉｔｍｏｄｅｌ
　

依据如图 ２所示的纯追踪模型的几何学关系，
可得

γ＝
２（ｄｃｏｓθ－ Ｌ２ｄ－ｄ槡

２ｓｉｎθ）
Ｌ２ｄ

（２）

综合式（１）和式（２）可计算获得前轮转角的期
望值 α为

α＝ａｒｃｔａｎ
２ｌ（ｄｃｏｓθ－ Ｌ２ｄ－ｄ槡

２ｓｉｎθ）
Ｌ２ｄ

（３）

通过式（３）可知在前视距 Ｌｄ预设的情况下前
轮转角期望值 α直接由横向偏差 ｄ和航偏角 θ决
定。面对不同行驶速度下轮胎摩擦因数和侧滑量的

差异，而可控参数仅为 Ｌｄ，无法灵活调整控制策略。

所以本文在该模型中引入了２个调节系数 ξ１和 ξ２，

改进模型中的系数 ξ１影响 ｄ的控制效力，系数 ξ２
影响 θ的控制效力。系数 ξ１和 ξ２分别影响了追踪
系统的控制精度和稳定性，即

α＝ａｒｃｔａｎ
２ｌ（ξ１ｄｃｏｓθ－ξ２ Ｌ２ｄ－ｄ槡

２ｓｉｎθ）
Ｌ２ｄ

（４）

前视距 Ｌｄ、系数 ξ１和系数 ξ２随拖拉机行驶速
度 ｖ的变化而变化。随着拖拉机速度 ｖ的提高，控
制系统稳定性更为重要。高速行驶时减少 ξ１、增加
ξ２和 Ｌｄ，在保证精度的情况下提高系统稳定性，对
应关系为

Ｌｄ＝
１６＋ｍｉｎ（１５（ｖ－０７），１６） （ｖ＞０７）
１６ （ｖ≤０７{ ）

ξ１＝
１　 　　　　　　　　　　　 （ｖ＞０７）
１＋０６（０７－ｖ） （ｖ≤０７{ ）

ξ２＝
１＋ｍｉｎ（０５（ｖ－０７），１２）　 （ｖ＞０７）
１ （ｖ≤０７{















）

（５）
本文的纯追踪模型控制器是根据式（４）和

式（５）设计完成。

２３　粒度支持向量逆向模型构建

由于轮胎侧滑、路面性质、车辆倾角和传感器系

统误差等因素影响，简化的二轮车运动学模型无法

准确描述拖拉机的运动轨迹。由于轮胎与地面之间

的作用关系难以用线性方程描述，拖拉机的各项状

态参数不易准确测量，从动力学模型的角度正向推

导建立精确的数学模型会遇到较大的困难。故本文

从建立逆向模型的角度提高运动学模型的精度。采

集实时记录的前轮转角 αｒ和拖拉机实际航偏角变
化率 θ′数据，通过 ＳＶＲ方法逆向建立理论前轮转角
和实际前轮转角关系模型，该逆向模型可以用于修

正简化的运动学模型引起的控制误差。同时由于θ′
数据误差较大无法直接建模，本文对原始数据进行

了动态高斯粒度预处理。所设计的粒度支持向量

（ＧＳＶＲ）逆向模型结构如图４。图中，｛αｒ，α′ｍ｝为高
斯粒度数据集。

图 ４　粒度支持向量逆向模型结构图

Ｆｉｇ．４　Ｓｔｒｕｃｔｕｒｅｏｆｉｎｖｅｒｓｅｍｏｄｅｌｂｙｇｒａｎｕｌａｒ

ｓｕｐｐｏｒｔｖｅｃｔｏｒｒｅｇｒｅｓｓｉｏｎ
　
２３１　动态高斯粒度处理

为建立实际转弯曲率 γｒ与理论转弯曲率 γｍ的
对应关系，引入理论前轮转角 αｍ。导航系统通过记
录数据获得实际转弯曲率 γｒ和实际前轮转角 αｒ，分
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别依据式（１）推导出对应的理论前轮转角 αｍ 和理
论转弯曲率 γｍ为

αｍ＝ａｒｃｔａｎ（γｒｌ）＝ａｒｃｔａｎ
θ′
ｖ( )ｌ

γｍ＝
ｔａｎαｒ










ｌ

（６）

由式（６）可知，实际转弯曲率与理论转弯曲率
对应关系问题可转换为理论前轮转角 αｍ和实际前
轮转角 αｒ的对应关系问题：αｍ ＝ｆ（αｒ）。当纯追踪
模型计算出前轮转角期望值 αｐ后，代入该对应关系
模型即可获得修正后的前轮转角期望值 α′。αｐ对
应的是纯追踪导航模型计算的理想转弯曲率，而 α′
则是达到该理想转弯曲率实际所需要的前轮转角期

望值。

将拖拉机航向变化率 θ′和行驶速度 ｖ代入
式（６）计算获得 αｍ，拖拉机实际航偏角变化率 θ′数
据由定位数据计算获得。ＲＴＫ ＧＮＳＳ系统的定位
信号频率为２Ｈｚ，所以αｍ数据获取频率为２Ｈｚ。前
轮转角由控制终端内的 ＮＩ ＵＳＢ ６２１６型板卡采
集，采集频率为５０００Ｈｚ，每 ５００个数据求平均得转
角数据，获取采集频率为１０Ｈｚ。为使 αｒ、αｍ具有相
同的获取频率，本文对定位信号采集间隔内的转角

数据求取平均值，将该值与 αｍ 组合成为待辨识的
数据集 Ａ：｛αｒ，αｍ｝。

测量系统误差导致拖拉机航偏角变化率θ′数据
误差较大，一段时间实际采集的 αｒ和计算获得的
αｍ数据对应集分布图如图 ５。由于数据庞杂，直接
对数据集 Ａ进行 ＳＶＲ拟合建模效率和精确度都很
低，无法获得所需的对应关系，同时也很难以此提高

直线追踪精度。

图 ５　理论与实际前轮转角关系图

Ｆｉｇ．５　Ｒｅｌａｔｉｏｎｇｒａｐｈｏｆｔｈｅｏｒｙａｎｄｐｒａｃｔｉｃｅ

ｆｒｏｎｔｗｈｅｅｌａｎｇｌｅ
　

针对上述精确模型难以获得的问题，本文采用

了纵向高斯粒度的方法对数据进行预处理，将一定

范围内的数据按一定的规则替换为一个粒度。由于

前轮转角 αｒ的测量环节少且测量误差小，可认为 αｒ
是准确值。所以采用纵向粒划处理数据，步骤为：

（１）以 αｒｉ为粒划中心，将信息粒宽度２μ内的所
有（αｒ，αｍ）数据构建成一个粒度。信息粒的粒划范
围设为［αｒｉ－μ，αｒｉ＋μ］。

（２）对范围内的 αｍ数据以 αｒｉ为中心点进行高
斯加权平均

ｗｊ＝ｅ
－｜αｒｊ－αｒｉ｜／（２σ２）

α′ｍｉ＝
∑
ｎ

ｊ＝１
ｗｊαｍｊ

∑
ｎ

ｊ＝１
ｗ













ｊ

（７）

式中　ｊ———信息粒范围内的数据序列号
ｎ———信息粒范围内的样本量
ｗｊ———高斯权值
σ———高斯函数标准差
α′ｍｉ———信息粒的粒度

（３）计算出信息粒的粒度 α′ｍｉ，信息粒内的数据
集粒划为粒度（αｒｉ，α′ｍｉ）。

数据集 Ａ的整体宽度由前轮转角 αｒ数据范围
决定。拖拉机处于转弯或跟踪的调整状态时 αｒ的
浮动较大，范围能达到 ±１０°，拖拉机稳态跟踪时 αｒ
的浮动很小，范围在 ±２°。使用固定宽度２μ粒划方
法适应性很差，不能获得良好的信息处理效果，降低

了模型的泛化能力，所以本文采用动态粒度的方法

解决粒度适应性问题，使信息粒的宽度２μ随数据集
Ａ的整体宽度变化而变化。数据集的动态粒度计算
步骤如下：

（１）根 据 原 始 数 据 集 Ａ的 宽 度 范 围 αｒ∈
［ｍｉｎ（αｒ），ｍａｘ（αｒ）］计算划分信息粒的宽度 ２μ，
μ＝（ｍａｘ（αｒ）－ｍｉｎ（αｒ））／ｎ′，其中 ｎ′＝２４，ｎ′为划
分个数。

（２）依据宽度 μ确定信息粒的粒划中心 αｒｉ，
αｒｉ＝ｍｉｎ（αｒ）＋ｉμ，其中 ｉ＝１，２，…，ｎ′。

（３）依据粒划中心 αｒｉ和粒划宽度 μ构建信息
粒，相邻的信息粒范围有部分重合，增强粒度数据线

性度。高斯函数标准差 σ设为 μ／２，依据上文所述
粒度算法计算出各个信息粒的粒度 α′ｍｉ，组成新的动
态粒度数据集｛αｒ，α′ｍ｝。
２３２　ＳＶＲ支持向量回归应用

运用 ＳＶＲ支持向量回归方法对动态粒度数据
集｛αｒ，α′ｍ｝进行辨识建模。针对拟合数据｛（ｘｉ，ｙｉ），
ｉ＝１，２，…，ｌ｝，其中 ｘ∈Ｒｎ，ｌ为样本量（本文数据集
中 αｒ对应 ｘ，α′ｍ 对应 ｙ）。支持向量回归采用高维

空间线性函数 ｆ（ｘ）＝ｗＴφ（ｘ）＋ｂ进行拟合，ｗ为权
值向量，φ（ｘ）为非线性映射函数，ｂ为偏置项。该方
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法引入不敏感损失因子 ε，建立损失函数 Ｌ

Ｌ（ｙ，ｆ（ｘ），ε）＝
０ （｜ｙ－ｆ（ｘ）｜≤ε）
｜ｙ－ｆ（ｘ）｜－ε （｜ｙ－ｆ（ｘ）｜＞ε{ ）

（８）
定义当模型值与实际值误差小于 ε则无损失，以提
高该方法的鲁棒性。

针对高维空间线性函数依据 ＳＲＭ原则使其风
险最小化，等价于求‖ｗ‖２

最小化问题，引入松弛

因子 ζｉ和惩罚系数 Ｃ来控制拟合函数的复杂性，减
少运算时间。上述问题转换为

ｍｉｎ
ｗ，ｂ，ζ，ζ

１
２
ｗＴｗ＋Ｃ∑

ｌ

ｉ＝１
ζｉ＋Ｃ∑

ｌ

ｉ＝１
ζｉ

ｓ．ｔ． ｗＴφ（ｘｉ）＋ｂ－ｙｉ≤ε＋ζｉ
ｙｉ－ｗ

Ｔφ（ｘｉ）－ｂ≤ε＋ζ

ｉ

（ζｉ≥０，ζ

ｉ≥０，ｉ＝１，２，…，ｌ













）

（９）

为求解上述最小化问题，引入拉格朗日函数。

使问题进一步转换为对偶问题

　

ｍｉｎ
β，β
（
１
２
（β－β）ＴＱ（β－β）＋

　　 ε∑
ｌ

ｉ＝１
（βｉ＋β


ｉ）＋∑

ｌ

ｉ＝１
ｙｉ（βｉ＋β


ｉ）

ｓ．ｔ． ∑
ｌ

ｉ＝１
（βｉ－β


ｉ）＝０

（０≤ βｉ；β

ｉ ≤ Ｃ；ｉ＝１，２，…，ｌ

















）

（１０）

式中　β、β———拉格朗日乘子
Ｑ为核函数 Ｋ（ｘｉ，ｘｊ）＝φ（ｘｉ）

Ｔφ（ｘｊ）。
其近似函数为决策函数

ｆ（ｘ）＝∑
ｌ

ｉ＝１
（－βｉ＋β


ｉ）Ｋ（ｘｉ，ｘ）＋ｂ （１１）

最终回归模型 ｆ（ｘ）为决策函数（式（１１））。
ＳＶＲ算法中核函数Ｋ（ｘｉ，ｘｊ）决定了高维空间的结构
和特点，进而决定了算法的性能。本文采用较为常

用的高斯核函数（Ｒａｄｉａｌｂａｓｉｓｆｕｎｃｔｉｏｎ，ＲＢＦ），ＲＢＦ
核函数拟合性能良好，适用于该回归模型。惩罚系

数 Ｃ和不敏感损失因子 ε也是影响模型的运算时
间和精度的重要参数，依据前期试验数据的拟合情

况，将 Ｃ设为１０，ε设为０２。
２３３　逆向建模

通过获取一段时间内的实时位姿信息和实时行

驶速度信息推导理论前轮转角 αｍ。并逆向建立 αｍ
和实际前轮转角 αｒ的对应关系模型。逆向建模具
体步骤为：

（１）获取待辨识的数据集 Ａ：｛αｒ，αｍ｝。该数据
集获取频率为 ２Ｈｚ，其依赖于定位数据采集频率。
为使该模型具有良好的时效性，采用 ８０ｓ的时间窗

口获取数据集。新获得数据连续收入数据集 Ａ，
８０ｓ之前收入的旧数据将从数据集 Ａ中剔除，数据
集 Ａ最大包含１６０组数据。

（２）对数据集 Ａ进行动态高斯粒度处理，获得
高斯粒度数据集｛αｒ，α′ｍ｝。

（３）采用 ＳＶＲ支持向量回归方法建立高斯粒度
数据集｛（αｒｉ，α′ｍｉ）；ｉ＝１，２，…，ｎ′｝（其中 ｎ′＝２４）的
回归模型 α′ｍ＝ｆ（αｒ）。

获得上述逆向模型后，将其用于校正纯追踪模

型的输出值。纯追踪模型依据位姿信息计算出前轮

转角期望值 αｐ之后，代入逆向模型反函数 ｆ
－１
（αｐ）

计算获得修正后的前轮转角期望值 α′，以此为拖拉
机前轮控制目标。

２３４　ＧＳＶＲ逆向模型仿真
为测试粒度支持向量（ＧＳＶＲ）逆向模型的性能

进行了模型仿真。试验使用东方红 ＬＸ ８５４型拖
拉机导航系统，航偏角 θ采集频率为２Ｈｚ，前轮转角

αｒ和前进速度 ｖ数据的采集频率为 １０Ｈｚ。根据试
验数据分别使用逆向模型和运动学模型对拖拉机航

向进行仿真预测，将逆向模型仿真航向、运动学模型

仿真航向和实际拖拉机航向进行对比，仿真试验步

骤为：

（１）使拖拉机导航系统处于直线跟踪状态。依
据上文所述 ＧＳＶＲ逆向建模方法在线建立该系统的
逆向模型 ｆ（αｒ）。

（２）前轮转角 αｒ代入运动学方程式（１）计算获
得运动学模型仿真航偏角变化率 θ′ｋｉｎ，对 θ′ｋｉｎ进行时
间积分获得运动学模型仿真航偏角 θｋｉｎ。

（３）通过逆向模型 ｆ（αｒ）计算出对 αｒ修正后的
理论前轮转角 αｍ。αｍ 代入运动学方程式（１）计算
获得逆向模型仿真航偏角变化率 θ′ＧＳＶＲ，对其时间积
分后获得逆向模型仿真航偏角 θＧＳＶＲ。

仿真试验初始航偏角为 －０２１°，预测时间为
３０ｓ。模型对比结果如图 ６ａ所示。理想模型中 αｒ
与 αｍ相等，并没有考虑轮胎侧滑量不一致、传感器
系统误差和路面性质等因素影响。ｆ（αｒ）与理想模
型的具体对应关系存在差异，该差异为 ｆ（αｒ）对理
想模型的修正。逆向模型仿真航偏角、运动学模型

仿真航偏角和实际拖拉机航偏角对比结果如图 ６ｂ
所示。无校正预测误差随预测时间累计，未经修正

的运动学模型仿真航偏角与实际航偏角的平均预测

误差为１４３°；使用 ｆ（αｒ）对运动学模型进行校正，
逆向模型仿真航偏角更接近于实际航偏角，与实际

航偏角的平均预测误差为 ０２６°。仿真试验表明逆
向模型具有更好的预测能力和更高的模型精度。
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图 ６　仿真试验对比曲线

Ｆｉｇ．６　Ｃｏｎｔｒａｓｔｃｕｒｖｅｓｏｆｓｉｍｕｌａｔｉｏｎｅｘｐｅｒｉｍｅｎｔ
　

３　导航控制器试验

基于 ＳＶＲ逆向模型纯追踪控制器采用 ＭＦＣ
（Ｍｉｃｒｏｓｏｆｔｆｏｕｎｄａｔｉｏｎｃｌａｓｓｅｓ）框架由 Ｃ ＋＋程序实
现，装载于 ＴＰＣ６０００ ６１００Ｔ型工控机。控制器试
验在油菜精量联合直播机配套动力东方红 ＬＸ ８５４
型拖拉机导航系统（图 ７）上进行。使用司南 Ｍ３００
ＲＴＫ ＧＮＳＳ型系统获取拖拉机导航的定位信息，定
位信息获取频率为 ２Ｈｚ，水平定位精度 ±（１０＋
１×１０－６Ｄ）ｍｍ，Ｄ为 ＲＴＫ ＧＮＳＳ移动站与基站间
的距离。开展了导航控制系统性能试验、导航控制

器对比试验、导航控制系统田间试验。

图 ７　拖拉机导航系统

Ｆｉｇ．７　Ｎａｖｉｇａｔｉｏｎｓｙｓｔｅｍｏｆｔｒａｃｔｏｒ
１．导航控制终端　２．电控转向执行机构

３．角度传感器　４．ＲＴＫ ＧＮＳＳ定位系统
　

３１　导航控制系统性能试验

导航控制性能试验于华中农业大学标准水泥路

面进行，使用基于 ＳＶＲ逆向模型纯追踪控制器控制
拖拉机跟踪目标直线，直线方程通过两端的定位点

计算获得。按 ＳＶＲ方法中的参数惩罚系数 Ｃ和不
敏感损失因子 ε分别为 １０和 ０２，支持向量模型采
用高斯核函数，纯追踪模型参数按式（５）设置。拖
拉机直线跟踪速度 ｖ＝１２ｍ／ｓ，试验进行 ３组。实
时记录直线跟踪过程中拖拉机与期望路径的横向偏

差，采样率为２Ｈｚ。试验结果见表 １，其中 １号跟踪
试验横向偏差结果如图８所示。结果表明该控制器
具有最大横向偏差小、跟踪精度高的特点。

表 １　直线跟踪性能试验结果

Ｔａｂ．１　Ｐｅｒｆｏｒｍａｎｃｅｅｘｐｅｒｉｍｅｎｔａｌｒｅｓｕｌｔｓ

ｏｆｓｔｒａｉｇｈｔｌｉｎｅｐａｔｈ ｍ

试验序号
最大横向

偏差

平均绝对

横向偏差
标准差

行驶

距离

１ ００６１４ ００１５４ ００１６９ １６８

２ ００５５８ ００１４５ ００１７８ １４０

３ ００５７３ ００１４９ ００１７３ １２５

平均 ００５８２ ００１４９ ００１７３ １４４

图 ８　１号试验直线跟踪横向偏差曲线

Ｆｉｇ．８　ＬａｔｅｒａｌｄｅｖｉａｔｉｏｎｄｉａｇｒａｍｏｆＮｏ．１ｓｔｒａｉｇｈｔｌｉｎｅｐａｔｈ
　
３２　导航控制系统对比试验

基于 ＳＶＲ逆向模型纯追踪控制器与常规纯追
踪控制器的直线跟踪对比试验采用同一拖拉机导航

系统，在华中农业大学标准水泥路面展开。常规纯

追踪控制器由前述纯追踪控制器构成，不使用逆向

模型对其输出的前轮转角期望值 α进行修正。对
比试验根据不同行驶速度分为 ５个水平，分别为
０６、０８、１０、１２、１４ｍ／ｓ，试验结果如表 ２所示。
５组行驶速度下，逆向模型组相对于常规组最大横
向偏差分别减少００１４６、００２２０、００３８３、００３６８、
００５８３ｍ，平均绝对横向偏差分别减少 ０００６０、
０００９４、００１１２、００１６６、００２７９ｍ。结果表明基于
ＳＶＲ逆向模型纯追踪控制器具有更高的控制精度
和速度适应性。
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表 ２　拖拉机直线跟踪试验对比结果

Ｔａｂ．２　Ｃｏｍｐａｒａｔｉｖｅｅｘｐｅｒｉｍｅｎｔａｌｒｅｓｕｌｔｓｏｆｓｔｒａｉｇｈｔｌｉｎｅｐａｔｈ

水平 平均速度／（ｍ·ｓ－１） 控制方法 最大横向偏差／ｍ 平均绝对横向偏差／ｍ 标准差／ｍ 行驶距离／ｍ

１
０６９８ 逆向模型 ００３００ ０００７２ ０００８８ １１２

０６２４ 常规组 ００４４６ ００１３２ ００１５７ １２５

２
０７８６ 逆向模型 ００３９３ ００１４５ ００１４８ １１２

０８００ 常规组 ００６１３ ００２３９ ００１４８ １４４

３
１０２６ 逆向模型 ００４０４ ００１２８ ００１５８ １３４

０９６３ 常规组 ００７８７ ００２４０ ００１７１ １４４

４
１２１８ 逆向模型 ００５７３ ００１４９ ００１７３ １２５

１２０３ 常规组 ００９４１ ００３１５ ００２０３ １０２

５
１４８５ 逆向模型 ００６２０ ００１９２ ００１９４ ９９

１３６１ 常规组 ０１２０３ ００４７１ ００４３４ ７０

３３　导航控制系统田间试验
为检验所设计控制器的田间工作性能，２０１５年

５月２１日于华中农业大学现代农业科技试验基地
油菜茬田进行导航系统试验，田块长度为 ５０ｍ。试
验采用东方红 ＬＸ８５４型拖拉机，后挂接 ２ＢＦＱ ６
型油菜精量联合直播机。试验中使用基于 ＳＶＲ逆
向模型纯追踪控制器和常规纯追踪控制器分别进行

直线跟踪，行驶速度为 ０５ｍ／ｓ，试验结果见表 ３。
田间试验结果表明，所设计的基于 ＳＶＲ逆向模型纯
追踪控制方法适用于控制 ２ＢＦＱ ６型油菜精量联
合直播机进行田间对行作业，控制精度与路面试验

相比较低。拖拉机挂接油菜精量直播机于田间作业

时，其转弯特性会受到前轮正压力、土地平整度、机

具整体刚度、土壤坚实度、土壤含水率以及植被覆盖

等因素影响。由于田间影响因素比路面复杂，从动

力学角度正向推导拖拉机田间行驶模型比路面行驶

模型更困难，所以在田间导航作业过程中实时建立

表 ３　田间直线跟踪试验结果

Ｔａｂ．３　Ｅｘｐｅｒｉｍｅｎｔｒｅｓｕｌｔｓｏｆｆｉｅｌｄｓｔｒａｉｇｈｔｌｉｎｅｐａｔｈ

ｍ

控制方法
最大横向

偏差

平均绝对

横向偏差
标准差

逆向模型 ００８８７ ００３６１ ００４３３
常规组　 ０１２７９ ００５５３ ００３７６

逆向模型以提高田间路径跟踪精度是更可行和有效

的方法。

４　结论

（１）构建了油菜精量联合直播机配套动力东方
红 ＬＸ８５４型拖拉机导航系统，并研究了纯追踪控
制方法，在此基础上提出了基于 ＳＶＲ逆向模型纯追
踪控制方法。采用 ＧＳＶＲ建模方法逆向建立理论前
轮转角和实际前轮转角的对应函数模型，用于修正

运动学模型中转弯曲率的模型偏差，从而实现对纯

追踪控制方法的优化。该控制方法的路面直线跟踪

试验结果表明：行驶距离大于 １２５ｍ，跟踪速度 ｖ为
１２ｍ／ｓ时，横向偏差最大值小于００６１４ｍ，绝对平
均偏差不大于００１５４ｍ；与常规纯追踪控制方法相
比，逆向模型方法具有更高的精度和速度适应性；田

间试验表明，逆向模型方法适用于油菜精量联合直

播机田间导航作业。

（２）田间试验控制精度低于路面试验，该精度
受轮胎与泥土摩擦因数、土壤坚实度、土壤平整度、

土壤含水率等多方面因素影响。分析研究各影响因

素对田间导航的作用，并对控制器参数以及数学模

型进行优化，将会提高田间路径跟踪的适应性和精

度。
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