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Abstract—The steering control system serves as the foundation
of all autonomous vehicle activities, directly supporting trajectory
planning and tracking. Prior research assumes ideal characteristics of the control system and leaves the burden of realizing
such assumptions to physical implementation. However, expense of
high-performance actuators and mechanical difficulty of hardware
installation render this a dilemma between financial infeasibility
and loss of theoretical coherence. To overcome such predicament,
we propose a tightly integrated predictive steering and tracking
framework capable of achieving comparable performance while
uses only factory-shipped equipment built in the vehicle with
cheap sensors and controllers. Careful dynamical modeling of
each component and extensive on-road experiments prove the
practicality and efficacy of our approach.
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I. I NTRODUCTION
The study of steering system is very important in the
autonomous vehicle research, for the steering system directly
contributes to the behavior of the autonomous vehicle. In recent
years, methodology that widely applied to the steering system is
rather mature. Such as in DARPA Grand Challenge in 2004 and
2005, the steering system of Sandstorm(the autonomous car of
CMU) is made of a high torque motor, and a well designed PID
control law. Other participate teams also apply similar methods
to their steering systems[1]. When CMU won the champion
of DARPAR Urban Challenge in 2007, their autonomous car
BOSS still adopt the classic steering system and the pure pursuit
tracking algorithm[2]. However, if we put it for pragmatic
use now, the entire steering system is much too expensive.
A compromise is made between the performance and the cost
when researchers begin to design a steering system. Meanwhile,
looking on whole, the steering part is a constituent part of the
autonomous vehicle framework which is also becoming more
and more concise and economical.
A. General Frameworks of Autonomous Vehicle
It is generally acknowledged that the frameworks of autonomous vehicle consist of three parts: Perception, Planning
and Control. Perception part mainly deal with the data that the
sensors(Camera, Laser, Radar, GPS/IMU) collected. Semantic
information extraction, transient location and posture estimation
is very urgent. Only by acquiring these data, the steering system
could function well.
Planning part made decisions during the entire task by
taking every data that possesses semantic information into
consideration. Basically there are two kind of planning, global
planning and local planing. The global planning is responsible
for finding a solution to the final destination of the task while

the local planning deal with each subtasks. Both of them have
been studied intensively in recent decades and several relatively
mature planning methodologies have been established[3] [4]
[5].
The last part is more fundamental. The control law and
actuator have considered vehicle kinematic characters, driving
sequences, traffic behaviors and the comfortableness of the
passengers when driving at a certain speed. The robustness and
accuracy are the core indicators of the control system.
B. Related Steering and Tracking Method
Most research institutes apply BLDCM(Brushless DC Motor
Fig. 1) to their autonomous vehicles[1] [2] [6], because the
BLDCM can provide both enough torque and turning speed
while steering, and the BLDCM is relatively cheaper than
step motor. Both of these two motors belong to the additional
accessories, which means manual installing is necessary, and
higher accuracy the motor is, the higher cost the system would
be. To make a compromise between the accuracy and cost,
researches have to design the corresponding tracking methods
which varies from each research institutes in recent study.
The algorithm that widely used in path tracking issue is the
Pure Pursuit algorithm [7] which is proved effective in practical
use. Since Pure Pursuit is a simple combination of vehicle
dynamics and road geometric[8], the result severely depend
on the look-ahead distance. So some of the researchers try to
analyze how to choose a better look-ahead distance so that
the robustness of the pure pursuit could be guaranteed. At the
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meantime, some improved pure pursuit algorithm is proposed
by other researchers[9].
C. Outline of the Research
Under the tendency that the steering system is required to be
cheaper and more convenient to settle down, this paper provide
a simple steering structure both in hardware and software, and
give a solution to the corresponding tracking algorithm. The
advantage of our system is the low expense and it is easy
to add, which means our method does not require additional
motor and connection elements between the turning structure
and the motor. Only by connecting our ECU(Electronic Control
Unity) to the EPS module which the car already equipped and
apply the control and tracking algorithm to the system, this
method can give a robust, real-time and switchable solution to
the steering system.
The EPS system is introduced in Section 2. By illustrating
the characters of the EPS system, the automatic steering system
is described in Section 3 and the corresponding tracking method
is given in Section 4. Experimental validations and future work
are presented in Section 5 and 6 respectively.

is unknown and secured. Building a model to describe how the
EPS system works and estimated the key parameters is also very
necessary. By simulating the output signal of torque sensor, the
controller give similar signal to the actuator through a simple
PID control law programmed in the embedded system. The
experiment suggest our system is robust and effective.
Table. I shows the Characteristics of the vehicle EPS system.
By cutting down the connection between the Torque output and
the EPS’s ECU, we directly provide the 0 ∼ 5V analog voltage
to the EPS’ ECU unity(validity range 1 ∼ 4V), which is a
way to give indications to the DC motor indirectly and finally
turning the front tyres of the vehicle.
TABLE I
T HE EPS C HARACTERISTICS [10]
Sensor
and
actuator

Input and Output
Input

Num

Output

Num

Steering
Torque

≤ 6N.m

Analog
Voltage

1 ∼ 4V

Unknown

Motor Cluth

Logic
Signal

0 or 1

Direct
Current

30A

Unknown

II. T HE EPS S YSTEM

DC Motor

Direct
Current

≤ 30A

Turning
Torque

22N.m

Unknown

As a matter of fact, the mechanism between the steering
wheel and the tire is complicate. The EPS system is an
important part of this mechanism. It helps turning the front
tyres by detecting the manual input torque from the steering
wheel, which made it much easier for manual steering.
Despite of some mechanical connection structure, the EPS
system is made of a brushless DC motor and a torque sensor. In
this method, we set up a switch between the torque sensor and
the motor control unity, which allow us to control the brushless
DC motor directly. When it is necessary for manual steering,
switching to manual mode simply requires pushing a button or
giving an order to the controller. As Fig. 2 show, the torque
sensor is taken as the input and the motor actuator is regarded
as a black box because the accurate structure of the EPS system

ECU Unity

Analog
Voltage

1 ∼ 4V

Logic
Indication

Pulse
Signal

Unknown

Torque Sensor

Other

III. S TEERING C ONTROL S YSTEM
In our Steering control system, we install an encoder on the
steering wheel to record the state of the steering wheel and
made our system a close-loop control system(Fig. 3). Then an
improved PID control law is implemented in our ECU. Through
a digital to analog converter, the output signal can be directly
imported to the EPS system.

Fig. 4.
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A. PID Control Law
The PID control law has been widely used in the process
feed-back control ever since it is first proposed in the early 20
century, because it is simple and highly effective for linear and
time-invariant dynamic response system[11]. Fig. 4 shows the
framework of PID algorithm. Firstly, we choose to control the
steering angle whose mathematic expression is just as same as
the direct PID equation:
t

Z
u(t) = Kp e(t) + Ki

e(τ )dτ + Kd
0

de(t)
dt

(1)

P = (p1 p2 p3 )T

where e(t) is the D-value of the current state and aim state. By
adjust parameters Kp , Ki , Kd , we can achieve an acceptable
result. However, taking the D-value of the steering wheel
location state may bring some unsatisfiable consequence in our
system such as the lag of the stable time, steering speed can
not be modified so the exact trajectory could not be estimated
and the Kp parameter make the turning speed so fast that
the comfortableness can not be guaranteed. So we change the
control variable and trying to maintain the steering speed at a
constant value. The speed control equations is given by:
Z
∆V (t) = Kp ev (t) + Ki

t

ev (τ )dτ + Kd
0

dev (t)
dt

There are several approach to improve the estimation
accuracy of the encoder, [12] proposed a polynomial fit
method to estimate the speed and the acceleration of the
encoder, [13] gave another method based on adaptive noise
variance kalman filter, [14] suggested an adaptive window
hybrid estimation method. While consider the limited
computation source of our ECU, we choose the polynomial fit
method[12]. When we get the accurate time sequence and the
correspond encoder state, we have:

(2)

v (t)
where ∆V (t) is the increment of the output voltage and dedt
is the acceleration a of the steering wheel. This algorithm made
it possible for steering speed controlling, and the result is more
flexible and stable.

B. State Estimation
As equation. 2 shows that if we want to calculate the
increment of the output voltage, a nice estimation of the current
speed, location and acceleration is required. Direct approach
like measuring the angle value in a fixed sampling frequency
was limited to the encoder resolution. Besides, sampling at
a constant frequency will bring quantization error too. So,
directly acquiring the current speed and acceleration from the
differential operation is inadvisable(Fig. 5).

(3)

P is the parameters matrix, p1 , p2 , p3 are the steering wheel location, steering speed and the steering acceleration respectively.
And this matrix is what we need to estimate.
X = (x1 x2 ...xn )T
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Matrix X is the encoder value correspond to the matrix H,
for example, x1 is the measurement of encoder value at time
t1 . When n > 2, the linear equation is given by:
HP = X

(6)

Simple Least Square method can be used to estimate:
P = (H T H)−1 H T X

(7)

We choose n = 5, which is a compromise to the estimation
accuracy and the ECU computational capability. Then we have
estimated the location, steering speed and the acceleration at
a higher accuracy. So the control system is much more robust
and accurate for real-time implementation.

Fig. 7.
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IV. ROBUST T RACKING S YSTEM
This tracking system is well tailored for the steering control
system described above. Since the steering wheel could be
either holding or uniform rotating, the trajectory of the vehicle
is either arc or first-order clothoid. Similar approach is proposed
in [15] [16], which request two clothoid and one arc in each
section of trajectory and the curvature at the start point and end
point of each trajectory section is set to 0 so that the optimize
algorithm could be implemented.
In the tracking processes, firstly the planning part generated
an aim trajectory, and then send the trajectory to the control
system. For a given trajectory Q, each point in the trajectory
is a state space:


x
 y 

(8)
q=
 θ 
k
where x, y are the corresponding coordinates and θ, k are the
orientation and the curvature of each point. For two points p1
and p2 , the D-state q(p2 − p1 ) can be written as a function of
path length s:


x(s)
 y(s) 

∆q = 
(9)
 θ(s) 
k(s)
So we have the current state qc , and the aim point state qa . Then
an assumption is made that the tracking process can be divided
into two courses just as manual driving. Firstly a steering course
was made and then holding the steering wheel to achieve the
second course so that the trajectory is made of a clothoid and
an arc, with the length of sc and sa respectively. The end point

can be estimated as:

 
x(sc )
 y(sc )  
 
qe = qc + 
 θ(sc )  + 
k(sc )

 
xe (b, sc , sa )
x(sa )
 ye (b, sc , sa )
y(sa ) 
=
θ(sa )   θe (b, sc , sa )
ke (b, sc , sa )
k(sa )



 (10)


where b is the angle rate(steering speed)(degrees per meter),
and sc , sa correspond to the clothoid and arc. State qe is given
by:
Z sc
Z sa
xe = xc +
cos(g(b, sc , s))ds +
cos(f (b, sc , s))ds
0

0

sc

Z
ye = yc +

Z
sin(g(b, sc , s))ds +

0

(11)

sa

sin(f (b, sc , s))ds
0

(12)

α(ϕc sc + 21 bs2c ) α(ϕc + bsc )
+
sa
(13)
L
L
tan(ϕc + bsc )
α(ϕc + bsc )
ke =
≈
(14)
L
L
α and ϕc are the Linearization coefficient and current turning angle of the front tyres(degree). and function
g(b, sc , s), f (b, sc , s) is given by:
θe = θc +

α
1
(ϕc s + bs2 )
(15)
L
2
α
1
α
1
f (b, sc , s) = θc + (ϕc sc + bs2c ) + (ϕc + bs2c )s (16)
L
2
L
2
Since our goal is to made the end state qe as closer as possible
to the aim state qa . Then the issue turn out to be an optimization
problem with constraint. Our objective function is:
g(b, sc , s) = θc +

C = argmin (xe − xa )2 + (ye − ya )2 + σ(θe − θa )2

(17)

b,s1 ,s2

with the constraints:
|ϕc − bsc | < ϕmax sc , sa ≥ 0

(18)

Fig. 8.
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(19)

where σ is a weight provided to choose whether the location
or the orientation to be guaranteed. And ϕmax is the maximum
angle of the front tyres, v is the velocity of the vehicle and
wmin , wmax stand for the minimum and maximum turning
speed of the front tyres. For this optimization problem, simple
gradient descent algorithm can achieve a good result.
V. E XPERIMENT R ESULTS
The experimental platform is essentially a smart car(Suzuki
Swift), which is equipped with perception sensors and original
EPS system of the car. For automatic steering and tracking, we
add a embedded control system in the car, which is showed in
Fig. 7,
A Freescale 16-bit processor is chosen to be the central
computation unity. Besides, the system have a 12-bit digital
to analog converter, electronic relay and some other peripheral
circuits. The reserved comport interface can receive the indications from the PC and implement the PID control law which
is described above, then output the signal to EPS system and
finally steer the wheel automatically.
In this section, we firstly perform the steering system test
by giving orders to the embedded system from the PC and
recording the feed-back signals of the encoder. Then a trajectory
generated with [17] method is given as aim trajectory. Finally
the tracking algorithm is performed in the trajectory tracking
simulation process.
A. Steering System Test
Fig. 8 is the results of the steering system response to the
given indications(speed=400 and 200). It is obviously that the
steering speed in both A and B are constant because the Position
line is visual linear and the Speed line is vibrating near a line
parallel to the x axis. In fact, the only control variable is the

voltage which is given to the EPS system, and the relationship
between the steering speed and the position is :
Z
P osition = (steeringspeed)dt
(20)
Theoretically the lag of the EPS system should be less than
50ms, but in Fig. 8(A), we can easily discover the problem
that there may cost 150 − 200ms delay when the speed begin
to increase, which can not be found in Fig. 8(B). Several tests
suggest that this issue attribute to the kinematic characters of
the car. We conclude a model that satisfy the equation:
a = k(T (u) − Fr (x) − Ft (v) − f )

(21)

at the condition steeringspeed 6= 0, if steeringspeed = 0, the
equation holds only if a > 0. The k is constant and T (u) is the
output torque of the EPS motor, which is a function of input
voltage u. The Fr (x), Ft (v)andf are the aligning torque, tyre
torque and frictional force respectively. Fr (x) is a function of
steering wheel position x and Ft (v) is a function of car velocity
v. The issue mentioned above is mainly caused by the frictional
force f because when the car is motionless, the wheel can steer
only if the the output force is larger than the static frictional
force.
The real lag we should take into consideration is the response
time of the steering system. A proper PID parameters could
improve the problem but it must be adaptive. The same PID
parameters in Fig. 8 exhibit two different response results.
Fig. 8(A), the aim speed is 400(encoder units) and the static
frictional force exists, so the system seems undershoot. However, in Fig. 8(B) the aim speed is smaller, the same parameters
could bring overshoot and cause vibrating. According to our
testing, the average response time is less than 250ms, which
is an acceptable result when the car velocity is no more than
10m/s.
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B. Tracking Results
The current tracking algorithm in our system is Pure
Pursuit[7]. The look-ahead distance is a function of velocity,
the higher the car is, the longer the look-ahead distance. In our
experiment, the look-ahead distance should ≤ 3m, otherwise
the real path may vibrate. According our tests, we fitting a
equation to describe the relationship between the tyre and the
steering wheel:
aEs
+b
(22)
σt =
1000
In spite of the assumption that the mechanism is linear, we find
out that the a = 0.4815 ± 0.0250, b = 0.0026 ± 0.0186. Es is
the encoder feed-back units in the range (−1000, 1000) and
the boundary −1000, 1000 refer to the max turning angle ϕm .
Fig. 9 is the tracking result of the PP algorithm.
In [17] method, a nonholonomic trajectory is generated via
parametric iteration. The trajectory is curvature continuous,
which is designed for car-like robot. In our simulation, this
trajectory is regarded as goal trajectory as Fig. 10 shows, the
maximum lateral error is 0.1m ∼ 0.3m at the constant speed
5m/s because the optimal algorithm may converge to local
minimum.
VI. F UTURE W ORK
In this paper, we provide a simple steering system and
the corresponding tracking algorithm. In the experiment and
simulation, the results are promising. Since the tracking algorithm have not been added to our platform yet, future work
will be concentrated on the combination of the steering and
tracking system, and the response lag of the system will also
be considered, a more accurate model can be established.
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