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Recently, research about trajectory tracking of autonomous vehicle has give
a major contribution to the development of autonomous vehicle technology,
particularly with the application of some novel control methods for this
technology. However, tracking a curved trajectory still a challenge for
autonomous vehicle. This research proposes a state feedback linearization
with a PD observer feedback to overcome some difficulty that arise from
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such as path. This approach is consider to be suitable for a complex
nonlinear system such as autonomous vehicle. So that, the goal of this
research is to improve the control system performance of autonomous
vehicle that stable enough to navigates along a curved path. Moreover, the
research result shows that the developed control law able to track the
curved path with a good performance and solve some existing problems.
However, some improvements are still needed for the vehicle performance

observer and robustness.
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1.

INTRODUCTION

Autonomous vehicle innovation have reach milestone of achievements, in the last few years. The
control of a vehicle motion is a critical part of autonomous vehicles, as it has a direct impact on both the
safety of the vehicle and the satisfaction of its passengers. So that, it is crusial to develop a path-
following controller that overcome problems in challenging environments [1] .

The majority of current motion control research focuses on normal condition. It is vital to expand
the research into difficult working conditions such as curved path in order to achieve the promise of
autonomous vehicles in managing crucial scenarios that human drivers find difficult or are unable to
handle. However, under difficult operating conditions, the characteristics of non-linearity and multi-
dimensional coupled dynamics are greatly improved. The requirements for system modeling as well as
the resilience and adaptability of motion control algorithms are now much higher. In addition, a through
study of the integration of motion planning and control which consider environmental parameters is
required to deal with multi-objective coordination in complicated scenarios [2]. Therefore, research
about motion control particularly trajectory tracking control is still demanding topic amount other
research topics on autonomous vehicle technology. Trajectory tracking along with lane keeping, lane
changing, and cruise control are some important application in autonomous vehicle technology [3][4] .
So that, a trajectory tracking control system's objective is to select the best course of action for the
vehicle to follow the predefined path while minimizing path following faults [5]. Trajectory tracking
control is one of the control approach to recognize the enviroments and its parameters.
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There are many research about trajectory tracking control for unmmaned vehicle have been
conducted in the last decade. A work by Bacha et al. [6] is almost similar with this study, but Bacha et
al. used input and output state feedback linearization approach for the same system and there was no
experiment for a curved path. While, Trotta et al [7] develope an adaptive cruise control for
autonomous vehicle using a feedback linearization approach. The approach allow real time
application for the system and it also has a low computational cost. The approach also proved can
solve nonlinearities of the system and ensure equilibrium point stability [7], but only uses a
longitudinal model as the vehicle model. Indeed, Trotta et al [7] research has been experimented on a
real driving road. In addition, Cao et al. [8] also conducted a research on autonomous vehicle, they
developed a Linear Time Varying Model Predictive Control which also allow a real time experiment.
Even though, the research results a good tracking performance, the control low computation is
complex and the vehicle has not being tested on ther road. While, a research by Wang et al.[9] develop
a control law for nonlinear affine which also using state feedback linearization. The control law is
developed without consider the present of internal dynamics and disturbances parameters but the result
is energy-efficient . There are still a lot of control and artificial intelligence algorithm that work well
for tracking trajectory for autonomous vehicle, such as the work that was conducted by Dai et al. [10]
this work suggests a model predictive control (MPC) controller with adaptive preview properties and a
longitudinal vehicle speed-assisted constraint mechanism. Simulink/CARSIM simulations validated
the model's predictive control and algorithm, which enhances the performance of path tracking.
Similarly, Yu et al. [11], developed an efficient model predictive control for velocity tracking whereas
In complicated circumstances with coupling characteristics and tire nonlinearity, maintain the control
accuracy and reasonable computing burden, which increase driving safety. While, Cao et al [8] focuses
on developing a trajectory tracking control algorithm for autonomous vehicles that addresses problems
such as low control accuracy and poor real-time performance for avoiding obstacles. Simulation result
show that the controller has good self-adaptability, superior robustness and anti-interference ability,
and significant improvement in the trajectory tracking control accuracy and real-time performance.

The majority of the offered approaches are only useful for low-speed driving due to ambiguities in
environment perception when employing the current generation of sensors. Trajectory tracking
control demonstrates that considering vehicle dynamics and environmental limits and identification
and detection of the surroundings and potential obstructions are two crucial components of trajectory
planning for high-speed driving [12] [13].

Trajectory tracking using state feedback linearization approach suitable for a class of nonlinear
system such as autonomous vehicle [12] [14]. This method is a popular approach among other control
system design methods. The goal is to achieve a good performance and stable condition at equilibrium
point by developing a feedback control law [15] [16]. Although, this method has a simple computation
process, this approach is appropriate to apply in a highly nonlinear model such as autonomous vehicle
[17]. Moreover, control algorithm for autonomous vehicles must meet the standard of safety and
robustness, particularly in complex environment [17] [18].

Keeping the autonomous vehicle stable and robust in tracking the predefined trajectory is essential
in autonomous control system design. A real road field sometimes hard to track, such as a curvature road.
Drifting sometimes occure when tracking a sharp bend with high speed, so that the vehicle need to drive
in low speed when tracking this path [19] [20] [21]. This approach is appropriate to implement in a
complex road scenario such as curvature road because this approach consider all parameters and
conditions from the system model and its environments to meet the requirement of the stable and robust
condition of a dynamic systems [22] [23].

This research of tracking control for autonomous vehicle using state feedback linearization
approach with an observer feedback. The benefit of the state feedback linearization approach using
observer feedback is that it can overcome the unpredictable parameters and disturbances that typically
result from nonlinear models, enhancing advantages and ensuring system stability. Observer feedback in
this method could minimize the need of sensors, which are typically added to monitor these uncertain
characteristics. The observer feedback can substitute this sensors in a complex system, so that the
system can limit the amount of sensors in the systems and simplify the instruments architecture [7] [8].
Other advanced approaches usualy occupy a lot of sensors to measure these parameters.

Futhermore, the goal of this study is to meet the requirement of a stable and robust control system
as well as apply the theoretical control approach such as state feedback linearization and observer
feedback into a real system of autonomous vehicle technology. Therefore, the paper is prepared as
follows; in section 2 is about develop a control law for this autonomous vehicle system using the state
feedback linearization approach with adding observer feedback to design the new estimated states.
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While, section 3 discuss about research result of this method using a simulation software MATLAB.
Finally, section 4 summarize all the research progress and results.
2. STATE FEEDBACK LINEARIZATION WITH OBSERVER FEEDBACK

This research apply state feedback linearization approach for tracking control the autonomous
vehicle along the curved path such as sinusoidal path. An observer feedback is added to the state
feedback linerizaton model in order to estimates more states from the model and optimize its system’s
output. So that, the a utonomous vehicle model which is choosen in this research is a kinematic model
represents motion regardless of the vehicle’s dynamic components, such as force, torque, and inertia
effects [24] [25]. The vehicle kinematic model is presented in Figure 1 as a two-dimensional
coordinates (X-Y). This model do not consider slipping and inertia [8]. The kinematic formula is
represented as :

= cos (€))
= sin (2)
=—tan 3

Where (x,y) represents the vehicle position on the ground based on space coordinates, 6 X (0,2m) is an
azimuth angle also represent vehicle position on the ground, and L is the length of vehicle base. While,
the control input is u corresponds as azimuth angle (©) and steering angle (o). The kinematic model is
only for vehicle with low speed and acceleration [24] [25].

Figure 1. Vehicle model in X-Y Coordinates (top view)
The vehicle kinematic model is transformed into state vectors such as :

> X
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Where vy correspond to vehicle velocity, (X,Y) is vehicle position on space coordinates, O is the
heading angle of vehicle, L is the vehicle base length, and a is vehicle steering angle.
Then, equation (5) — (10) can be transformed into a state vector form, such as :

[ ﬂ - [8 é] ks [2] (11)
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Then, a control feedback is designed to meet the control law requirement and consider also the input
reference such as :
=  + (14)
Where K =[KI1, K2] is the state feedback matrix
Design a characteristic equation with the desired overshoot and natural frequency, such as that
242 + 2=0 (15)
Where is overshoot and is a natural frequency
This control law design is developed based on ref [24] . The state feedback gains are adjusted with this
characteristic equation in order to reach stability around an equilibrium point. Then, observer feedback is
added into this full state feedback systems as represented in Figure 2. The new state vector is transformed

such as follows :
[j:[g é”ﬂ“L[g] +[ﬂ (16)
]

= —[0 1 17
=[0 1]
Where denotes the estimates of state x, and D is the observer gain.
Then, observer feedback D is designed in order to meet the requirement of desired overshoot and natural
frequency, suchas D=[16 100 ].
The real coordinates (x,y) related with desired coordinates (xd,yd), are described as follow:

= + (18)
= + (19)
Where
= - (20)
= - (21)

Transform equation 18-19 into state matrix as follows :

[ 1+[o "Il 1= @)

The following Lyapunov function, which is positive definite [12], guarantees the system's stability with a
distinct equilibrium point at the origin:

, >0 (23)

Where = (24)
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Figure 2. Control Architecture of State Feedback Linearization Method with Observer Feedback
And its derivative is negative definite [14], as follows:
= . == 2—- 2<9 (26)
The error always converges to zero and the system is asymptotically stable. The new controller computes a
steering angle to enable the vehicle tracks the desired course.

3. RESULTS AND DISCUSSION
An autonomous vehicle that navigate along reference sinusidal trajectory shown in Figure 3 as the
simulation result. The velocity is fixed at 10 m/s and it start at (0,0) in two-dimension coordinate (X,y).
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While Figure 4 shown the simulation result of the actual trajectory. The actual trajectory has a small
error difference with the desired trajectory that approves the developed method. The goal of this approach is
to put the desired poles in the stable space of the system. Therefore, the overshoot parameter is set to low
overshoot to suit the desired settling time and to have a a fast response. However, the system requirement
should be controllable to achieve the desired condition. So that the design controller can put the poles in a
stable domain [24].

The vehicle quiate difficult to track the reference trajectory at a few second of initial time of
simulation, but the vehicle response still reach stability according to the settling time set up. Therefore
overshoot parameter suppose to be set almost zero so that the model still meet the desired requirement. While,
settling time is set low to track the the reference trajectory fast. The chosen controller is adjusted with the
model desired response also. Low overshoot and fast settling time can improve control performance.

X Y Plot

] 5 0 5 2 2 3
X Axis

Figure. 3. Sinusidal trajectory reference

The ideal closed loop control system has all states always available for feedback and measurable
process. However, many systems only have a sub of the state available for feedback and measurement. So
that, the system usually use a lot of sensor to read undetected states [24]. This design is not cost-efficient and
complex. Therefore, in this system observer is designed to reduce the number of sensor occupy .

The system should be observable in order to meet the requirement of this approach. The desired
characteristic response place the poles in the stable domain. Therefore, the observel D is choosen to be suit
with the characteristic response. The simulation result of this approach with sinusoidal path reference is
presented in Figure 4 . The lateral error exixting due to the design overshoot and settling time, however the
model fast enough to achieve stability. However, the model achieve stability after a few seconds as desired
settling time and overshoot design in the method.

The trajectory error is shown in the Figure 5. The lateral error can be computed using Lyapunov
method as represented in Figure 5. The lateral error is adjusted to asymptotically stable. Therefore, error
always converges to zero.
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Figure. 4. Actual sinusidal trajectory
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Figure 5 Trajectory error of sinusoidal trajectory
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Figure 6 teering angle generates from sinusoidal trajectory
Moreover, Figure 6 represent the steering angle simulation results. The simulation result shows that,
at initial condition the controller still try to track the desired trajectory, however in a few second, the
controller find the desired tracjectory and reach stability. The steering angle is sinusoidal similar with the
desired trajectory, because the steering try to track the desired trajectory.

4. CONCLUSION

This paper proposed a trajectory tracking of autonompus vehicle to tracks a curvature road path such
sinusoidal. The state feedback linearization with observer feedback has been used to control the vehicle
dynamic motion. The developed controller can control the model to navigate along desired trajectory with
minimal lateral error. The simulation result shows a good performance of vehicle tracking control and a
minimal lateral error.

State feedback linearization approach with observer feedback able to measures all the states so that
can predict the uncertain parameters from the model. The approach generate a stable steering angle with
minimimum error. In the future, the vehicle performance will be improved particularly for driving in a
complex path scenario. So that, Model Predictive Control can be solution for such as problem. Combine this
approach with convolutional neural network will give better result for control and computer vision parts of
the autonomous vehicle technology
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