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A sliding-mode variable-structure controller based on exact 

feedback linearization for automatic navigation system 
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Abstract: In order to improve the path tracking accuracy and robustness of the agricultural machinery navigation system, a 
sliding-mode variable-structure controller based on exact feedback linearization was presented.  Firstly, based on the 
differential geometry theory and the affine nonlinear kinematics model, the corresponding nonlinear coordinate change matrix 
and nonlinear state variable feedback equations were deduced, and an exact feedback linearization model was then established. 
Secondly, based on the exact feedback linearization model, a sliding-mode variable-structure controller was designed by 
selecting suitable linear switching function and exponential reaching law.  Finally, the comparative experiments were carried 
out.  And the experimental results indicated that the proposed method had a high tracking accuracy and robustness.  The 
maximum lateral error of the straight line tracking was less than 0.06 m, and maximum lateral error of the curve path tracking 
was less than 0.09 m.  Experimental results show that the transplanter based on this automatic navigation system can 
effectively track the predefined path. 
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1  Introduction  

In recent years, agricultural machinery navigation 
control has been paid many attentions by scholars[1-4].  
Generally, there are mainly two types of control methods 
for an agricultural machinery navigation system, i.e. 
model-based methods and model-free methods. 

The model-based methods can be further divided into 
two types: the kinematics model-based method and the 
dynamics model-based method.  Zhang et al.[5], Huang 
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and Wang[6] studied the control method based on the pure 
pursuit model, respectively.  They selected proper 
look-ahead to determine the control value based on the 
simplified two wheel kinematics model.  Li et al.[7] 
proposed a path tracking method based on fuzzy adaptive 
pure pursuit model.  Fuzzy adaptive control was used to 
find out the look-ahead distance online and adaptively, 
and improve the path tracking precision.  Backman et 
al.[8] proposed a path tracking method based on nonlinear 
model predictive control and the experimental results 
showed that the proposed method was a feasible method 
for accurate path tracking.  In order to solve the high 
nonlinear of the lateral kinematics model, some scholars 
tried to find out proper linearization method to obtain 
equivalent linear model, which makes linear control 
techniques be used to solve the path control problems[9-12].  
Lü et al.[9] and Chen et al.[10] , aiming at the straight line 
path tracking problems, used a small angle approximated 
method to linearize the two wheel kinematics model, and 
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adopted the optimized control approach to design the 
controller.  In addition, Chen and Torisu[11], adopted the 
method of segment linearization to obtain the linear 
kinematics model, and adopted the optimized control 
method for the design of the controller to study the curve 
path tracking problems.  Li et al.[12] proposed an 
agricultural machine tracking method based on exact 
feedback linearization.  This method was robust to 
changes in travel speeds of agricultural machines.  The 
experimental results showed that the precision of straight 
line tracking and curve path tracking was 4 cm and 7 cm, 
respectively.  Since the kinematics model-based method 
did not consider the effect of the dynamics, some scholars 
also tried to build the dynamics model to solve the path 
tracking method.  Zhang and Qiu[13] presented a dynamic 
algorithm for an intelligent navigator which was used to 
guide an autonomous agricultural tractor for tracking the 
desired path and making turns at the end of the field.  
They used posture sensors to determine the current 
position of tractor and a dynamics model to estimate the 
future tractor position.  Derrick et al.[14-16] proposed a 
model reference adaptive method. A yaw compensate 
model was built to compensate yaw rate variations and it 
made the lateral position response of the farm tractor 
remain consistent with respect to different implement 
configurations. 

As for the model-free method, some scholars tried to 
use some intelligent methods to design the path tracking 
controller.  Chen et al.[17] applied the neural network 
control method to the control of autonomous farm 
vehicles, and enabled the controller had sound 
self-learning function.  Guo and Chen[18], Zhou et al.[19] 
applied the fuzzy control method to design controller and 
used the navigation angle and navigation distance to 
design the membership functions.  Liu et al.[20] proposed 
a self-adapted fuzzy control algorithm.  This method 
adopted GA (Genetic Algorithm) to optimize the fuzzy 
rules and proportion factor of fuzzy output online.  It 
retained the advantages of conventional fuzzy control, 
and meanwhile, it improved the performance of 
autonomous navigation control system. 

According to the above analysis, many control 
methods have been proposed to solve the path tracking 

problems of agricultural machinery.  However there still 
exist some strict application constraints in these methods.  
For example, model-free method design needs experience 
knowledge and complex training process; the 
model-based method depends on the exact mathematical 
model, and is sensitive to system parameters.  

Sliding-mode control is widely considered as a high 
robust control[21-24].  For the class of systems to which it 
applies, sliding-mode controller design provides a 
systematic approach to the problem of maintaining 
stability and consistent performance in the face of 
modeling imprecision.  Jiang et al.[25] proposed an 
adaptive controller by combining the finite-time controller 
and the integral sliding-mode control.  The adaptive 
controller could not only track the desired straight line 
effectively, but also achieve good control performance 
under kinds of environmental perturbations.  Yet, this 
method did not solve the curve tracking control problem. 

In order to improve robustness of navigation system, 
we presented a sliding-mode variable-structure controller 
for automatic navigation system based on exact feedback 
linearization in this paper.  The controller design can be 
divided into two parts.  In the first part, a nonlinear 
kinematics model of agricultural machinery was obtained.  
Since the model was high nonlinear and strong coupling, 
it is hard to design an applicable controller by using the 
model directly.  In order to solve this problem, the 
feedback linearization theory was used to convert the 
nonlinear model into an equivalent linear model.  In the 
second part, an applicable controller should be designed. 
But because the uncertainties of navigation system and 
external disturbances were not considered in the 
kinematics model, the designed controller should be 
robust to these disturbances.  For that reason, an 
exponential reaching law was applied to design 
sliding-mode controller, and it could ensure all 
trajectories reaching the sliding surface in finite time and 
having low chattering in the sliding motion. 

2  Feedback linearization model of the 
agricultural machinery 

2.1  Affine nonlinear kinematics model of the 
agricultural machine 
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   From a practical point of view, the kinematics model 
of the agricultural machinery can be considered as a 
two-wheel model according to the following two 
assumptions: pure rolling and non slipping assumptions, 
the agricultural machinery is a unique rigid body, see 
Figure 1. 

 
Figure 1  Kinematic model 

 

The agricultural machinery is assumed to move on a 
horizontal ground, curve C is the path to be followed.  
The A, B respectively represent the front axle center and 
the rear axle center.  Then the agricultural machine 
configuration can be described by a three-dimensional 
vector X(x, y, θ), where, x is the curvilinear abscissa along 
curve C; y is the lateral deviation of the agricultural 
machinery with respect to curve C; θ is the angular 
deviation of the agricultural machinery with respect to 
curve C at point M. A two-dimensional control vector 
U(δ, v) is available, where, δ is wheel angle at the point O; 
v is linear velocity at the point O. 

Then the kinematics model agricultural machinery 
can be derived according to following assumption: the 
path curvature is small enough that the MM′ and MN 
approximately equal in length.  Under above assumption, 
the kinematics model of agricultural machinery can be 
described by following simultaneous differential 
equations: 
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where, c(x) denotes the curvature of path C.  It can be 

noticed that the model (1) becomes singular when 

1
( )

y
c x

= , and the point O is located at the center of 

curvature of the reference path.  This problem has not 
been encountered in practical situations: on one hand, the 
path curvature is small; on the other hand, the agricultural 
remains close to C.  Above two reasons implies: 
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According to model (1), the relationship between y or 
θ and x can be obtained: 
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Choosing control variable u=tanδ and state vector as 
X=[x1 x2]T=[y θ]T, the model (3) can be expressed as: 
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With the two vector fields f and g defined as: 
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The model (4) is called the standard affine nonlinear 
kinematics model of the agricultural machinery. 
2.2  State feedback precise linearization of the affine 
nonlinear kinematics model 

According to the above transform, a standard affine 
nonlinear kinematics of the agricultural machinery is 
obtained.  In order to solve the non-linearity of 
kinematics model, we presented an exact feedback 
linearization method.  The central idea of the approach 
is to algebraically transform a nonlinear kinematics 
model of the agricultural machinery into a linear one, so 
that linear control techniques can be applied.  This 
differs entirely from conventional linearization in which 
feedback linearization is achieved by exact state 
transformations and feedback, rather than by linear 
approximations of the dynamics. 

Firstly, whether the controllability and involutivity 
condition is satisfying should be checked.  The 
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controllability matrix is obtained by simple computation:  
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In practical situations, it is easy to know that θ is 
smaller than π/2. This implies: 

2cos 0x ≠                 (6) 

Combined with formula (5), it is easy to prove that 
the affine nonlinear kinematics model of agricultural 
machinery satisfies the controllability and involutivity 
conditions.  Therefore, the affine nonlinear kinematics 
model of agricultural machinery is feedback linearizable.  
That is, there exists a state transformation Z=z(X) and the 
input transformation u′=α(x)+β(x) so that the affine 
nonlinear kinematics model of agricultural machinery can 
be transformed into an equivalent linear one.  

Secondly, the corresponding nonlinear coordinate 
change matrix and nonlinear state variable feedback 
equations are deduced according to the feedback 
linearizable theories, the state transformation is obtained 
as: 
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The input transformation is obtained as: 
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3  Sliding mode variable structure controller 
design 

According to the feedback linearization coordinate 
transform, original affine nonlinear kinematics model is 
transformed into an equivalent controllable linear model.  
The control problem is to get the state variable z1 and z2 
to track a desired trajectory.  Therefore, the control 

problem of the original system can be further converted 
to a stabilization problem at the origin (0, 0) by 
introducing a deviation vector:  
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Substituting Equation (10) into Equation (9), a new 
state equation with deviation variable as state variable is 
obtained: 
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Based on the theory of sliding-mode control, the 
sliding switching surface is designed as: 

2 1 1 1( ) 0( 0)S e c e c= + = >E           (17) 

Thus, 

1 1 1e c e= −&                  (18) 

That is, if c1>0, sliding-mode is asymptotic stable at 
the origin (0, 0).  The linear sliding function makes it 
easier to improve system dynamic quality by adjusting 
parameter c1. 

Applying converse coordinate transform, sliding 
surface s(X) of the original system can be obtained: 

2 1 1 1( ) tan (1 )s x cx c x= − +X          (19) 

The control input is applied to drive the state onto the 
switching mode surface, and once on the surface, the 
system is constrained to remain on the line.  In order to 
solve the inherent chattering problem of the sliding-mode 
control, the following exponential approach law, which 
satisfies the reachability condition 0ss <& , is applied to 

design the control law:  
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where, sgn s is defined as follows: 
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Using Equation (17), sliding control law can be 
obtained as: 

2 1 1 sgn , 0,  0e c e s ks kε ε+ = − − > >& &  

Combining Equations (16) and (17), an equivalent 
control variable u′ can be obtained as: 

1 2 sgnu c e s ksε′ = − − −            (21) 

Applying converse coordinate transform, control 
quantity u of the original system can be obtained as  
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It can be noticed that controller (22) becomes singular 

when 1−cy = 0.  But, from Equation (2), 1−cy = 0 is not 
encountered in practical situations.  Thus, 

δ = arctan(u)               (23) 
Since the actual control value is limited, the 

reachability condition is satisfied in the domain 
2

min max{ | ( ) 0 }eqR s u u u∈ = < <X X ,   (24) 

In reality, because of the hardware constraints, the 
discontinuous control will generate the chattering 
phenomenon on the sliding surface.  So, a smooth 
saturated function was proposed to replace the sign 
function for designing the exponential approach law. 
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4  Experimental verification 

4.1  Experimental platform 
The proposed method was verified by a series of 

experiments on a YAMMAR VP6 rice transplanter as 
shown in Figure 2, which was modified and equipped 
with distributed navigation control system based on CAN 
bus (Figure 3).  

 

Figure 2  Rice transplanter equipped with automatic navigation 
system 

 
Figure 3  Distributed navigation control system based on  

CAN bus 
 

In the navigation system, the GPS receiver is selected 
as the position sensor and its accuracy of location 
measurement is 1 cm +1 ppm (circular error probability). 
MTI is selected as the heading indicator and its accuracy 
of heading angle measurement is 0.1º. 
4.2  Path tracking experiments 

In order to compare the presented method in this 
paper with the classical model-based method, straight line 
tracking experiments and curve path tracking experiments 
based on the above two methods (model-based control 
method/sliding-mode variable-structure control method) 
were carried out under the same condition.  

The straight line tracking experiments and curve path 
tracking experiments were both carried out on the same 
cement road surface, and experimental data were 
recorded by data gathering system.  We conduct three 
experiments based on the above two mentioned methods 
at the speed of 1.0 m/s respectively, and the desired 
tracking lines are shown in Figure 4 and Figure 5. 

(1) Straight line tracking 
The straight line tracking experiment results based on 

the classical model-based method is shown in Table 1. 
The straight line tracking experiment results based on 

the algorithm presented in this research is shown in  
Table 2. 

 
Figure 4  Predefined straight line route 
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Figure 5  Predefined curve route 

 

Table 1  Statistical result of lateral tracking error for 
model-based control method 

Serial No. Maximum deviation 
/m 

Mean deviation 
/m 

Standard deviation
/m 

1 0.0598 0.0240 0.0262 

2 0.1398 0.0382 0.0454 

3 0.0697 0.0232 0.0273 

4 0.0985 0.0493 0.0428 

5 0.0685 0.0361 0.0338 

Average 0.0873 0.0342 0.0351 
 

 

Table 2  Statistical result of lateral tracking error for 
sliding-mode variable-structure control method 

Serial No. Maximum deviation 
/m 

Mean deviation 
/m 

Standard deviation
/m 

1 0.0518 0.0284 0.0200 

2 0.0644 0.0377 0.0122 

3 0.0566 0.0398 0.0404 

4 0.0563 0.0307 0.0191 

5 0.0501 0.0276 0.0160 

Average 0.0558 0.0328 0.0215 
 

(2) Curve path tracking 
During the process of three curve path tracking 

experiments based on classical model-based method, the 
rice transplanter can not be able to track the predefined 
path which is shown in Figure 6. 

 
Figure 6  Curve path tracking effect diagram for model-based 

control method 

During the process of three curve path tracking based 
on the algorithm presented in this paper, the rice 
transplanter can be able to track the predefined path, and 
the experiment results are shown as Table 3. 
 

Table 3  Lateral tracking error statistical result for 
sliding-mode variable-structure control 

Serial No. Maximum deviation
/m 

Mean deviation 
/m 

Standard deviation
/m 

1 0.0945 0.0521 0.0374 

2 0.0867 0.0493 0.0282 

3 0.0874 0.0498 0.0329 

Average 0.0895 0.0504 0.0328 
 

4.3  Analysis of comparative experiment results  
Through analyzing the above experimental results, 

two conclusions can be drawn.  Firstly, the experiment 
results based on classical model-based method show that 
this method is applicable to the straight line tracking, 
however, it is not applicable to curve path tracking 
especially when curvature is larger.  Secondly, the 
presented method in this paper not only keeps the 
advantages of the model-based method for tracking the 
straight line, but also enhances the robustness of curve 
path tracking.  Finally, comparing the straight line 
tracking results of the model-based method with the 
proposed method, the reposition errors based on the 
model-based method is 0.030 m, which is larger than 
0.005 m based on the proposed method. 

There are also several theoretical bases to support 
above two conclusions.  Firstly, the classical 
model-based method is built based on the kinematics 
model in section 2, and the control performance of system 
is influenced to a great extent by the model precision.  
However, the model precision declines with the increase 
of curvature by analyzing in section 2.  So, the classical 
model-based method is applicable to straight line tracking, 
however, it is not applicable to curve path tracking 
especially when the curvature of the tracking curve is 
larger.  Secondly, the sliding mode variable structure 
control method is adaptive to disturbance and parameter 
variations, and is more robust to kinematics model.  So, 
it can be used to track the curve line even when the 
kinematics model is not accurate.  Finally, compared 
with the model-based method, the sliding-mode controller 
is more robust to the disturbances.  So, the reposition 
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error of the proposed method will be much smaller. 

5  Conclusions and future work 

In this research, a sliding-mode variable-structure 
control of agricultural machinery based on exact feedback 
linearization was presented.  Firstly, a standard affine 
nonlinear kinematics model of the agricultural machinery 
is obtained via a series of state transform.  Secondly, an 
equivalent linear time-invariant model was obtained via 
feedback linearization transform.  Then, in order to 
solve the problem of reliance of feedback linearization 
method on the model, a sliding-mode variable-structure 
control method was applied to enhance the robustness of 
the system.  Finally, a series of comparative experiments 
were carried out.  The experiment results showed that 
the proposed method keeps the advantages of the exact 
feedback linearization method.  And meanwhile, it 
enhances the robustness of the system. 

Some improvements can be expected in the future. 
For example, a better reaching law should be studied to 
completely avoid the chattering phenomenon. 
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