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Abstract—In this paper, we propose a novel pan-tilt control
approach for visual tracking. The approach uses the target image
feature to control the pan-tilt device following the target with
random movement. In order to improve the performance of
pan-tilt camera platform, active disturbance rejection control
(ADRC) technique is applied to the tracking control of pan-
tilt camera. The approach uses two ADRC controllers working
in parallel for a pan-tilt camera platform which can be fixed
on an autonomous mobile robot. This kind of control scheme
does not need the precise mathematical model of pan-tilt camera
tracking system and also not need the movement state of the
target. In ADRC technique, many uncertain factors, estimated
and compensated by extended state observer (ESO), are treated
as system disturbance in real time. Then, the original nonlinear
control system is reduced to a cascade integral form, which is
easy to design 1-order ADRC controllers for the system. The
tracking system uses a basic mean shift tracker, which calculates
the error between the target image position and the center of
the image in each frame for the controllers. Experimental results
on a mobile robot show that the pan-tilt camera can track the
moving target efficiently and stable.

I. INTRODUCTION

In recent years, computer vision has become an important
on-board sensor for autonomous mobile robots. Among the
various applications of vision systems, object tracking plays
an important role in surveillance, human computer interaction
and vision-based mobile robots [1]–[4]. Especially when a
robot enters a new unknown environment, there is a great
significance in visual detection, object tracking and visual
lock-on object. However, most of the robots have a single, fixed
camera on board, pointed forward. And this kind of vision
system covers only a portion of the field and requires the robot
to move fast to track the target [5]. Even, the moving target is
likely to escape from the image view, and result in tracking and
visual locking fail. Fortunately, a pan-tilt camera can get rid
of this limitation, and make the tracking system more flexible.
Using a pan-tilt camera platform is an option to increase the
possibilities to track and lock-on objects. Moreover, it can
make the camera move freely and follow the moving object,
keep object at the center of the image.

Up to now, some works have been published using pan-tilt
device. Thilo et al. mounted a camera on a pan-tilt system, but
the pan-tilt system is relatively slow and can not track target

This work was supported by the National Natural Science Foundation of
China (61271432, 61273337)

effectively [6]. In [7], Rares et al. proposed a PID algorithm
to control the camera with closed loop, but the pan-tilt camera
system need an operator and can not work automatically. In
[8], Miguel et al. proposed a fuzzy logic control for pan-tilt
camera on an unmanned aerial vehicle. Besides, Zhang et al.
presented a non-PID algorithm to control pan-tilt camera using
only image feature error, but this approach can not guarantee
the target remaining in the image center [9].

Also, active-disturbance-rejection controller is a new kind
of controller which can automatically detect the real time effect
of the model and the external disturbances and then automat-
ically compensate it [10]. It has a much wider application
range than PID, and this technique gives us easy way to design
a controller. Auto disturbance rejection control technique has
many advantages, and can solve the contradiction effectively
between the overshoot and rapidity. Using ADRC technique,
the control quality and control precision can be improved.
Especially in bad environment, ADRC technique is suitable
for high speed and high precision control. Besides, ADRC
technique does not need to know the precise model of the
system, and only need to know the input, output and the order
of the plant.

In this paper, a pan-tilt camera platform using a mean-
shift tracker [11] is presented. We focus on the tracking
control approach to control the pan-tilt device using the target
image feature. The ADRC technique is applied to improve
the performance of pan-tilt camera platform for visual track-
ing. The platform is controlled by two active-disturbance-
rejection controllers working in parallel in order to track
objects. Experimental results indicate that the controller has
a simple structure, and the scheme has a good dynamic and
robust performance. Besides, it also can adjust the pan-tilt
continuously, quickly, and automatically, so as to keep target
always appear in the field of view and improve the ability of
pan-tilt camera to track moving target.

The remainder of this paper is organized as follows. Section
II shows a briefly description of the pan-tilt camera platform.
In Section III, the pan-tilt camera tracking control model
is provided. The description of ADRC technique for pan-
tilt camera visual tracking control and the controller design
are in Section IV. Section V is experimental results divided
in simulation test and the tests on pan-tilt camera platform.
Finally, conclusions and future work are given in Section VI.
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Fig. 1. Pan-tilt camera tracking system structure and pan-tilt device.

II. PAN-TILT CAMERA PLATFORM DESCRIPTION
The pan-tilt camera tracking system is composed of three

modules, shown in Fig. 1.

A. Processing Center
The pan-tilt camera visual tracking system is implemented

based on PCM-3363 (Pentium Dual-Core 1.86 GHz CPU with
1GB RAMs). Camera is linked to the PCM-3363 through USB
and the pan-tilt device through RS232.

B. 2-DOF Pan-Tilt Device

The 2-DOF pan-tilt device is composed of four parts, in-
cluding two maxon DC motors, encoders, retarders and motor
drivers. We use Copley Accelent Micro Module as our motor
driver, whose core is a piece of DSP. The processing center can
communicate with motor driver through the serial port or CAN.
There is a network through CAN bus between drivers. In this
paper, the host communicates with driver through serial port.
2-DOF pan-tilt can be rotated and pitched respectively. The
motor drivers use Programmed Velocity Mode, so as to track
motion target through update the motor parameters in real-
time. In the vertical direction, the pitch angle range is from -90
degree to 90 degree. However, the range of the rotation angle is
from -170 degree to 170 degree. The pan-tilt devices maximal
angular acceleration is 167 degree per second. In addition,
pan-tilt camera device is also equipped with several hall effect
element, which are used to limit the maximal rotation angle.

C. Camera
In this paper, in order to verify the effectiveness of the

algorithm, we use a monocular, uncalibrated webcam with the
resolution 640×480.

III. PAN-TILT CAMERA TRACKING CONTROL MODEL

This paper focuses on the tracking control approach for the
pan-tilt camera device. In this section, we will present a simply
mathematical model. This model explains the relationship
between image error and rotation angle of the pan-tilt platform.
The pan-tilt which carries the camera is controlled so as to
keep the target at center of the image plane. In particular, we
shall take the following assumptions:
(1) The on-board camera is mounted on a pan-tilt platform;

(2) At each frame, the camera system achieves perfect
tracking.

W
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H
u

v

(a) The displacement between target image posi-
tion and image center.

optical center

W

f

P

p

(b) The mathematical model of tracking control model.

Fig. 2. In the horizontal direction: this figure shows the relation between
image feature Δu and the rotation angle Δϕ according to the pinhole imaging
model. In this figure, P and p represents the position in real world and the
image plane respectively.

A. Visual Tracking
There are plenty of tracking algorithms proposed in recent

decades [1], [12], [13]. In this article, mean-shift tracker is
used to track the moving target. The visual tracking module
works in the image frame. After being initialized, the visual
tracking module will find the pixel position of the tracked
target in succeeding image frames.

B. Tracking Control Model
Under the assumption (2), we can get the target image

centroid (u,v) in real-time. If the target is not at center of
image, we can obtain the error: the displacement from the
center of target to the image center. In our approach, we will
use this error to design a control law, so as to make the target
appear on the center of image.
In Fig. 2, horizontal and vertical image errors are Δu and

Δv respectively. In the following, we will get the rotation angle
of the horizontal and vertical direction.
According to pinhole imaging modle [14], we have

k f tan(ϕ/2) =W/2 (1)
k f tan(Δϕ) = Δu (2)

where f is the focal length and k is the scale factor between
the image plane and the physical image plane, respectively.
W is the width of image, and Δu is the horizontal image error
between target image centroid and image center. ϕ and Δϕ are
the horizontal angle of view and the horizontal rotation angle,
respectively, which the pan-tilt device needs to rotate.
According to (1) and (2), we have

Δϕ = arctan{
2Δu
W
tan(ϕ/2)} (3)
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Fig. 3. Block diagram of a base ADRC controller.

Similarly, we have

Δψ = arctan{
2Δv
H
tan(ψ/2)} (4)

where H is the height of image, and Δv is the vertical image
error between target image centroid and image center. ψ and
Δψ are the vertical angle of view and the vertical rotation
angle, respectively, which the pan-tilt device needs to rotate.

IV. ADRC CONTROLLER DESIGN

In image-based visual servoing, the spatial relationship
between the target and the robot camera is directly estimated
on the image plane [15]. The basic ADRC controller is shown
in Fig. 3. In ADRC technique, many uncertain factors are taken
as system disturbance in real time, so that can be estimated and
compensated by extended state observer (ESO). In addition, in
order to improve the dynamic performance of control system,
tracking differentiator (TD) and nonlinear state error feedback
control law (NSEF) are also be used. The ADRC scheme,
proposed in this section, only needs the order of the control
system and the deviation of target image centroid and image
center, instead of computing the image Jacobi matrix and
the precise mathematical model of a pan-tilt camera control
system.

There are several factors affecting the target image coordi-
nates:

(1) The movement of mobile vehcile, such as the au-
tonomous mobile robots;

(2) The movement of Pan-tilt device, such as the rotation
and pitch motion;

(3) The motion state of the target.

In this paper, we regard these factors as relative motion
between pan-tilt camera and the target.

In pan-tilt camera tracking system, there are two controllers
working in parallel. According to the kinematic of motor, we
can regard the pan-tilt camera tracking system as a 1-order
control system in horizontal direction and vertical direction
respectively. Thus, the system is described generally as

Δθ̇ = f (Δθ ,ζ , t)+b ·u (5)

where Δθ is the actual motor position output which can be
observed from the tracking control model by image feature,
and it can be controlled through the movement speed control.
The input u represents pan-tilt motor angular velocity, so as
to make servo-motor turn to keep the target appearing at the
center of the image. b is a coefficient, where f (x,ζ , t) (we
will use f as shorthand) is an uncertain function, including the
external disturbance and internal disturbance (the uncertainly

of target movement and the mathematical model respectively).
The key to the control is to compensate for f , and the system
will be reduced to a simple cascade integral plant if the value
of f can be determined at any given time [16]. To this end,
the unique ESO is originally proposed to estimate f in real
time, which is the core and essence of the ADRC concepy.

Let y = Δθ , x = y, we can rewrite (5) as a state equation
as {

ẋ= f (x,ζ , t)+ b ·u
y= x (6)

A. Arrange Transient Process

Due to the relative motion between the target and the pan-
tilt camera, the tracking system must turn to track moving
target fast and robustly, in order to keep target appear in the
field of view in real time. Using tracking differentiator (TD) to
arrange transition process can improve the control quality of
the dynamic process. Besides, when the system need to track
a fast moving object, the TD can avoid excessive overshoot.

The TD is{ e1 = v1− v0
v̇1 = v2
v̇2 = f han(e1,v2,r1,h1)

(7)

where f han(v1,v2,r,h) is a nonlinear function presented by
Han [16] and defined as⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

d = h · r2,a0 = h · v2,y= v1+ a0
a1 =

√
d · (d+ 8|y|)

a2 = a0+ sign(y) · (a1− d)/2
sy = (sign(y+ d)− sign(y− d))/2
a= (a0+ y− a2) · sy+ a2
sa = (sign(a+ d)− sign(a− d))/2
f han=−r · (a/d− sign(a)) · sa− r · sign(s)

(8)

B. Design Extended State Observer (ESO)

Let x2(t) = f (x,ζ , t), (6) can be rewritten as{ ẋ1 = x2+ b ·u
ẋ2 = w(t)
y= x1

(9)

According to [17], we design a 2-order nonlinear ESO
which has the the form as{ e2 = z1− y

ż1 = z2−β01+ b ·u
ż2 =−β02 · f al(e2,r2,h2)

(10)

where z1 is an estimate of x1, and z2 is an estimate of system
disturbance f (x,ζ , t). β01 and β02 are the observer gains, e2
is the observer error. In particular, f al is a nonlinear function
presented by Han [16] and defined as

f al(e,α,h) =

{
|e|α · sgn(e), |e|> h
e ·hα−1, |e| ≤ h (11)

where h > 0, and f al is a continuous power function which
is linear around the origin. h and α are predetermined to be
constant for various applications. 2h and hα−1 represent the
range and slope of the linearity of the function f al. An extreme
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Fig. 4. ADRC-based pan-tilt camera tracking control system topology.

case is α = 1, where the function f al changes to be completely
linear.

Thus, we can estimate the system state and disturbance
using this equation.

In addition, Han [17] pointed out that the reason that the
function f al is chosen to be as equation is that such a nonlinear
function sometimes will produce smart results. For instance,
the tracking error approaches zero in infinite time when the
linear feedback is adopted. However, the tracking error can
reach zero much more quickly in finite time if the nonlinear
feedback of the form |e|α · sgn(e) with α < 1 is employed.
Therefore, the nonlinear function plays an important role in
the newly proposed ADRC framework, so the function f han
does [16].

C. NonLinear Feedback Control Law

Not that the system output y and the control signal u are
the inputs of the ESO respectively, and the output z2 of the
ESO represents important information about f .

In this subsection, we propose the control law as{ e3 = v1− z1
u0 = β · f al(e3,r3,h3)
u= (u0− z2)/b

(12)

where β , r3, h are adjustable parameters respectively.

According to (6) and (12), we can obtain{
ẋ= f (x,ζ , t)+u0− z2
y= x (13)

where z2 is an estimate of system disturbance f (x,ζ , t), we can
use the control law (12) to reduce the plant in to a cascade
integral form of {

ẋ= u0
y= x (14)

That is, the original nonlinear control system is reduced to a
cascade integral form. This kind of process is also called linear

dynamic compensation process and the original nonlinear
control system is easy to design a 1-order controller. The
ADRC-based pan-tilt camera visual tracking control topology
is shown in Fig. 4, and the dashed box part is the proposed
ADRC controller. So, the ADRC-based control law of pan-tilt
camera tracking is

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

e1 = v1− v
f h= f han(e1,v2,r1,h1)
v1 = v1+ h · v2
v2 = v2+ h · f h
e2 = z1− y, f e2 = f al(e2,r2,h2)
z1 = z1+ h · (z2−β01 · e2+ b ·u)
z2 = z2+ h · (−β02 · f e2)
e3 = v1− z1
u0 = β · f al(e3,r3,h3)
u= (u0− z2)/b

(15)

where h is the integral step. The parameter r3 and β determine
the regulation time and tracking accuracy. The larger these
parameters are, the larger overshot the system will obtain.
Thus, we can adjust other parameters to reduce the overshoot,
such as β01 and β02. However, larger β01 and β02 will make
the system produce oscillation. r1 can let the system be more
stable, and its adjustable range is very wide. h1, h2 and h3 are
closely to h respectively.

V. EXPERIMENTAL RESULTS

In this section, two kinds of experiments will be shown to
demonstrate the performance of the proposed tracking control
approach. Firstly, we will present some simulation results. In
the second subsection, we will present some actual sampling
images tested on the real pan-tilt camera platform.

In the simulation experiments, considering the processing
time based on PCM-3363, we make image sampling period
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Fig. 5. Static target tracking process along the horizontal direction.
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Fig. 6. Static target tracking process along the vertical direction.

T = 60ms, and design a set of parameters as⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

W = 640,H = 480
ϕ = 60,ψ = 50
T = 0.06,h= 0.02
h1 = 3h,h2 = h,h3 = 5h
r1 = 200,r2 = 0.9,r3 = 0.5
β01 = 30,β02 = 200
β = 4.5,b= 3

(16)

The tracking process (transition process curve) of static
target deviating from the image center is shown in Fig. 5 and
Fig. 6. At the beginning of the simulation, the target image
centroid is (120,80), and the image center is (320,240). The
regulation time is about 1.2 second. In addition, the system has
little overshot. And the controller can make the pan-tilt camera
device stop at the destination. However, the overshot of PID
controller is about 30.9%. That is, compared with traditional
PID controller, the pan-tilt device has a good performance of
fast response, and can maintain a smooth transition during high
speed rotation.

In order to demonstrate the smart performance of ADRC
controller proposed above, we also took some simulation
tests of track moving target. Let the target movement be
a sine movement 100sin(0.2t) in the horizontal direction
and 100cos(0.2t) in the vertical direction respectively. The
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Fig. 7. Moving target tracking process along the horizontal direction.
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Fig. 8. Moving target tracking process along the vertical direction.

Fig. 7 and Fig. 8 show the results of tracking process. The
blue curve represents the displacement between moving target
image centroid and the image center in one direction, and
the magenta curve shows the tracking result which represents
the displacement between tracked position and the image
center. The red curve shows the tracking error which indicates
that the ADRC controller is robust and suitable for tracking
moving target. These results show that the pan-tilt camera
controlled by ADRC-based approach can track the moving
target successfully.

Besides, some sampling actual images (Fig. 9 (a)–(f)) of the
tracking system on the pan-tilt camera platform are shown in
Fig. 9. After being initialized, the Fig. 9 (a) represents that the
target is in the image center in 103th frame, where the target is
at the initial image position. Then the target is moving always,
and the tracking process is shown in Fig. 9 (b), the tracking
system will self-adjust and back to image center (Fig. 9 (c)).
The target will stay for a while (shown in Fig. 9 (d)), then
it will back to the origin position and reach the destination
finally (shown in Fig. 9 (d)–(f)). And the pixel error in both
horizontal and vertical direction during the process (described
in Fig. 9) of tracking a moving target is shown in Fig. 10. These
results reveal that the proposed tracking control approach can
make the pan-tilt camera device follow the target with random
movement successfully.
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Fig. 9. Some sampled results of tracking a moving target using ADRC.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we proposed a kind of tracking control
approach to control the pan-tilt device, which can be mounted
on autonomous mobile robots, following the random mobile
object using the target image feature. And the ADRC tech-
nique is applied to the tracking control of pan-tilt camera.
Experimental results show that the pan-tilt camera can track the
moving target successfully. In addition, the proposed control
scheme has a good dynamic and robust performance.

This paper focuses on the tracking control approach for the
pan-tilt camera device. The ongoing and future work will focus
on the efficient and robust visual tracking algorithm, visual
lock-on object and tracking the target after lost. The accuracy
and precision of tracking process represent the reliability and
the ability of tracking system. Thus, the self-adaptability of
the vision-based autonomous mobile robots will greatly be
strengthened in real world.
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