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Abstract. In this paper, we propose a controller for a camera-based Pan-Tilt 
device. The approach uses the target image feature to steer the Pan-Tilt device 
to the target with random movement. Since these systems are often mounted on 
mobile equipment, energy efficiency should also be taken into account. In order 
to improve the control energy consumption efficiency of the Pan-Tilt system 
mounted with cammera, the authors use a dark objective function with optimal 
energy components to find controller parameters. Simulation results on the Pan-
Tilt system show that the camera can track a moving target quickly and stably 
and the control energy can be changed through the controller parameter 
according to the purpose of use. 

1 Introduction  

In recent years, computer vision has become an important onboard sensor for autonomous 
mobile robots. Among the various applications of vision systems, object tracking plays an 
important role in vision-based monitoring and interaction with human computers and mobile 
robots [1-3]. Especially when a robot enters an unknown new environment, there is a big hit in 
visual detection, object tracking, and visual object locking. However, most robots have a single, 
forward-facing camera on board. And this type of vision system only covers part of the field 
and requires a fast moving robot to track the target [4]. Even moving targets have the potential 
to exit the image view and lead to unsuccessful tracking and locking of the image. But a 
camera-mounted pan-tilt system can remove this limitation and make the system more 
accessible better performance tracking system. Using a camera-mounted pan-tilt system is an 
option to increase the ability to track and lock objects. Furthermore, it can make the camera 
move freely and track the moving subject, keeping the subject in the center of the image. 

So far, several research works on camera pan-tilt systems have been published. Thilo et al 
published work on this system, but the tilting system was relatively slow and could not track the 
target effectively [5]. In the study [6], a PID algorithm was proposed to control the camera with a 
closed loop, but the tilt camera system needs an operator and cannot operate automatically. In the 
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study [7] proposed a fuzzy logic control for tilt camera on drone. Besides, Zhang et al. presented a 
non-PID algorithm for tilting camera control using only image feature error, but this approach 
cannot guarantee the goal to stay in the center of the image [8]. In the study [9], an active noise 
cancellation controller (ADRC) is used which is a new type of controller that can automatically 
detect the real-time effect of the model and the external noises and then automatically offset it. But 
in the above studies, only improving the accuracy of the tracking process does not take into 
account the energy efficiency.  

In this paper, the camera pan-tilt system is controlled by nonlinear control law taking into 
account the energy efficiency factor. Control law is designed based on a target function containing 
the optimal energy component. Method used to design control laws based on a synergistic 
approach. The quality of the proposed control law is shown through simulation results.  

The rest of this article is organized as follows. Part II presents a brief description of the 
camera pan-tilt system and a mathematical model of the system. In Part III, Technical 
description of design of composite control rule based on AKAR method for pan-tilt system with 
camera attached. Part IV is the simulation results performed on some typical cases. Finally, 
conclusions and future work are given in Part V. 

2 Pan-tilt camera platform description 

2.1 Constructing a camera-mounted pan-tilt system 

The pan-tilt camera tracking system is composed of three modules, shown in Fig. 1a. 
 

 

a) 
 

b) 

Fig. 1. a-Pan-Tilt system with camera; b- Kinetic model of the pan-tilt system 

+ Processing Center: The camera pan-tilt system is controlled by the central computer, the 
Raspberry PI-4. The computer is connected to the ISD-2500HD camera via USB and controls 
the pan-tilt two-axis motor drivers via variable frequency pulse I/O. 

+ 2-DOF Pan-Tilt Device: The 2-DOF tilt device consists of four parts, including two 
stepper motors, an encoder, a reducer and a motor driver from ORIENTAL MOTOR. Control 
the direction of rotation and speed of the motor through the driver via IO pins or through 
Modbus RTU (RS-485) communication. The Raspberry PI 4 central processor can 
communicate with the motor control driver through the direct IO port or RS_485. In this paper, 
the central processor communicates with the drivers via IO ports. 2-DOF tilt can pan and tilt 
respectively. The model's physical limitations include: In the vertical direction, the pitch angle 
range is from -60 deg. to 60 deg. According to horizontal rotation angle range of rotation angle 
is from -90 deg. to 90 deg. The maximum angular acceleration of the inclined device is 167 
deg./sec. 
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+ Camera:  In this paper, we use the ISD-2500HD camera with a lens with a fixed focal 
length of f = 2.5 cm with a resolution of 1280x720, connect to Raspberry PI computer by USB 
port. 

2.2 Mathematical model of the camera pan-tilt system 

In order to maintain the image of the target as close to the center of the image plane, we 
establish a relative relationship between the observed variable xc and yc which is the 
coordinates of the object on the coordinate system attached to the image plane ( IP), for two 
control variables of the pan-tilt system φ and θ. 

In Fig. 1b, we can see that φ and θ are rotations around the axes OZ1 and OZ2, respectively, 
such that, after moving the center of the moving target, coordinates P(X, Y, Z)  will be mapped 
onto the center of the image plane. 

+ The geometrical approximation model.   
Let OX0Y0Z0 be the real coordinate system of the robot-camera system and OpXpYpZp the 

coordinate system associated with the camera. P(X0,Y0,Z0) is the coordinates of the object on 
the real coordinate system, the coordinates of P projected on the image plane are (xc,yc). Fig. 2 
shows the geometric relationship of the rotation angle φ is the rotation angle of the robot-
camera system so that the center of the object P(X0,Y0, Z0) lies on the plane XpOpYp. From Fig. 
2, it can be seen that if the difference between the two planes XpOpYp and X0OZ0 is not 
significant, we can calculate the angles φ and φ' as follows: 

tan( )
Y

X
ϕ =                                                        (1) 

tan( ') p c

p

z z Y L

x f X
ϕ

− −
= = ≈                                              (2) 

where X and Y represent the position of the target center in the real coordinate system, L is the 
distance from the origin O to the origin Op , f is the camera focal length.  

 

 
 

Fig 2. Image coordinate system associated with pan-tilt coordinate system  

 

From (1) we realize that in order to calculate we must know that X and Y, which are neither 
measurable nor observable, when using only a still camera. Also from (2) we find that, since zp 
is an observable variable, and f is a measurable quantity, we can compute zp. 
From (1) and (2) we have: 
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tan( ) cz L

f X
ϕ = − + → arctan cz L

f X
ϕ

  = − +   
                 (3)  

From formula (3), it can be seen that if the distance (X) of the object to the camera of the 
system is large or the structure of the system so that L can be considered very small, the angle φ 
can be approximated as follows: 

arctan cz

f
ϕ

  ≈ −   
                                              (4) 

For the angle approximation θ is also calculated similarly. The purpose of this 
approximation is that we can calculate pan rotation φ and tilt angle θ from the observable 
variables xc , yc and the measurable f. 

+  Kinetic model of Pan-Tilt system mounted with Camera. 
In order to find a description of the relationship between xc and yc for φ and θ, we first find 

the homogeneous transformation matrix of the two camera rotations around O at an angle φ and 
θ. With the way of choosing the coordinate system in Figure 2, we have a uniform matrix of the 
direction that changes from the OpXpYpZp coordinate axis to the real coordinate axis of the Pan-
Tilt system mounted with an OXYZ camera mounted camera is Rt : 

cos( )cos( ) cos( )sin( ) sin( ) 0

sin( )cos( ) sin( )sin( ) cos( ) 0

sin( ) cos( ) 0 0

0 0 0 1

tR

ϕ θ ϕ θ ϕ

ϕ θ ϕ θ ϕ

θ θ

 −
 
 − − =  
 
 
 

                         (5) 

The identity matrix when converting from the real O coordinate system to the camera 
coordinate system OpXpYpZp, by definition we have: 

1

cos( )cos( ) sin( )cos( ) sin( ) 0

sin( )cos( ) sin( )sin( ) cos( ) 0

sin( ) cos( ) 0 0

0 0 0 1

t

tR R

ϕ θ ϕ θ θ

ϕ θ ϕ θ θ

θ ϕ

−

 
 
 − − = =  − 
 
 

                        (6) 

Points P(X0,Y0,Z0) will be projected on the center of the image plane Op after performing 
rotations φ and θ. Therefore, knowing the directional identity matrix Rt, we can write the 
following: 

0

0

0

cos( )cos( ) sin( )cos( ) sin( ) 0

0 sin( )cos( ) sin( )sin( ) cos( ) 0

0 sin( ) cos( ) 0 0

1 0 0 0 1 1

p X

Y

Z

ϕ θ ϕ θ θ

ϕ θ ϕ θ θ

ϕ ϕ

     
     
     − −     =     −     
     
     

                        (7) 

where, (p, 0, 0, 1) and (X0,Y0,Z0,1) are identical coordinates of point P when viewed in the Op 
and O coordinate systems, respectively. 
 
Solving (7) we have  

sin( ) cos( ) 0

cos( )sin( ) sin( )sin( ) cos( ) 0

X Y

X Y Z

ϕ ϕ

ϕ θ ϕ θ θ

 − =− − + =
                     (8) 

Solving the above system of equations we get:  
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arctan

arctan sin( )

Y

X

Z

Y

ϕ

θ ϕ

    =        =    

                                                (9) 

From the geometric approximation model we have: 

arctan

arctan sin( )

c

c

z

f

y

f

ϕ

θ ϕ

     ≈ −        ≈ −     

                                          (10) 

+ Equations of Motion 
The dynamic model of the camera-mounted pan-tilt system is built on the Lagrange-Euler 

formula. Referring to Fig.2 the kinematic relations for each mass can be written easily: 

0 1 2

0 1 2

1 20 1

0 cos( ) cos( ) sin( )

0 cos( ) sin( ) cos( )

sin( )

x x d L

y and y d L

z dz d

θ ϕ ϕ
θ ϕ ϕ

θ

= = + 
 = = − 
  == 

                        (11) 

The potential and kinetic energy of the system are given by the equation: 

2 2 1

2 2 2 2 2 2
1 0 0 0 2 1 1 1

( sin( ) )

1 1
( ) ( )

2 2

V m g d d

T m x y z m x y z

θ= +

= + + + + +ɺ ɺ ɺ ɺɺ ɺ

                       (12) 

By applying Lagrange’s equation [11] 

j
j j j

d T T V

dt q q q
τ

 ∂ ∂ ∂− + =  ∂ ∂ ∂ ɺ
                               (13) 

we get the following system of equations, after some manipulation 

( ) ( , ) ( )M q q C q q q g q τ+ + =ɺɺ ɺ ɺ                                    (14) 

where the state variable q, τ  is defined by: q=[ϕ  θ]T , τ=[τ1 τ2]T and M represent the inertia 

matrix (symmetric positive definite) , C is the Coriolis and centrifugal matrix, gravity vector 
g=[g12 g21]T  which is given by: 

( ) ( )
( )

2 2 2
2 2 2 2 2

2
2 2 2 2

cos sin

sin

m d m L m Ld
M

m d m d

θ θ
θ

 +
=  − 

, 
( ) ( )
( )

2
2 2 2 2

2
2 2

sin 2 cos

1
sin 2 0

2

m d m Ld
C

m d

θ θ θ θ

θ ϕ

 − −
 =
 
  

ɺ ɺ

ɺ

, 

2 2

0

cos( )
g

m gd θ
 

=  
 

 

Finally, τ=[τ1 τ2]T  is torque exerted by actuators (servo motors) at each joint 
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3 Synthesis of control law of camera pan-tilt system by ADAR 
method taking into account the output energy 

Camera pan-tilt systems are often mounted on mobile vehicles such as robots, drones or where 
power supplies are limited. One of the requirements of this equipment is to save energy when 
operating in order to prolong the operation time. One of the factors affecting the power problem 
is the control signal. The authors present an energy efficient control law synthesis method based 
on the ADAR method. The ADAR method is based on the idea of constructing invariant stable 
manifolds 

1( ,..., )s nx xψ  [10-13].  

To synthesize the control law for the camera pan-tilt system, it is necessary to transform the 
system of equations (14) into an equation of state with the state variable as follows 

[ ]1 2 3 4

T T
x x x xϕ ϕ θ θ  =  

ɺɺ  : 

1 2

2 21 2 22 4 23 24 1 25 2

3 4

3 41 2 42 4 43 44 1 45 2

x x

x a x a x a a a

x x

x a x a x a a a

τ τ

τ τ

=
 = + + + +
 =
 = + + + +

ɺ

ɺ

ɺ

ɺ

                  (15) 

where : 

2 4 2 3 2 4 3
21 2 3 222 2 2 2 2 2 2 2

2 3 3 2 3 3

3 3
23 242 2 2 2 2 2 2 2

2 3 3 2 2 3 3

3
25 2

2 2

2 sin( ) sin( )1
sin(2 ) ; ;

2 cos( ) sin( ) cos( ) sin( )

sin( )cos( ) 1
; ;

cos( ) sin( ) ( cos( ) sin( ) )

sin( )

( cos(

d x Lx x d Lx x
a d x a

d x L L x d x L L x

x x
a Lg a

d x L L x m d x L L x

L x
a

m d

+= =
+ + + +

= =
+ + + +

−=
2 2 2

3 3

2 2 2 2
2 4 3 2 2 3 2 4 3

41 3 422 2 2 2 2 2 2 2
2 3 3 2 3 3

2 2 2
3 2 3 3

43 442 2 2 2
2 3 3 2 2

;
) sin( ) )

2 sin( ) cos( ) sin( )1
sin(2 ) ; ;

2 cos( ) sin( ) cos( ) sin( )

cos( )( cos( ) ) sin( )
;

cos( ) sin( )

x L L x

d x x d x x L x Lx x
a x a

d x L L x d x L L x

g x d x L x
a a

d x L L x m d

+ +

− + +−= =
+ + + +

+= − =
+ + 2 2 2 2

2 3 3

2 2 2
2 3

45 2 2 2 2
2 2 2 3 3

;
( cos( ) sin( ) )

cos( )
;

( cos( ) sin( ) )

d x L L x

d x L
a

m d d x L L x















 + +


+ = + +
 
Let ei (i=1,3) be the difference between the actual angular position x1 = φ x3 = θ and the desired 
trajectory x1s=φ s, x3s=θs as follows: 

1 1

3 3

s

s

e x

e x

ϕ
θ

= −
= −

                                                           (16) 

We define the macro manifold variable ( )eψ  according to the position error and the 

convergence speed as follows: 

( )i i i i ie e eψ β= + ɺ                                                        (17) 

There, β is the scalar association parameter of the control rule. 
Taking the derivative of equation (17) we get: 

 ( ) ( ) ( )i i i i i i is i i ise e e x x x xψ β β= + = − + −ɺ ɺ ɺɺ ɺ ɺ ɺɺ ɺɺ                             (18) 
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To ensure stability and ensure the convergence of the state trajectories to their respective 
desired manifolds and remain there for the next time, the dynamic evolution of the macro 
variable with respect to the The manifold is defined as: 

( ) ( ) 0i i i i iT e eψ ψ+ =ɺ                                                (19) 

where Ti > 0 represents the convergence rate of the macro variable to the manifold domain ψi 
(e) = 0. 

Solving the system of equations (18) we get the control law τ1,τ2, because the control law is 
too long, so we do not introduce it in this paper. 

The ADAR objective function has the form (18). When analyzing specifically each 
component in this functional, it is easy to see that it contains components τ12, τ22, with 
reasonable selection of Ti and βi parameters, which will ensure control quality and control 
energy. 

3
2 2 2

1 0

( ( ) ( ))i i i
i

J t T t dtψ ψ
∞

=
= +∑∫                                          (20) 

4 Simulation results of tracking control for Pan-Tilt system with 
camera  

The parameters of the system model are determined experimentally on the real model as 
follows: m1=30(kg), m2=20(kg), d1=0.3(m), d2=0.4(m), L= 0.05, g=9.81(m/s2), β1=0.1, β3=0.1. 
Controller parameters T1, T3 are changed in a solution to observe system response and control 
signal value. The set values are taken in different forms to demonstrate the effectiveness of the 
control law. Fig. 3.4 is the angular response, control signal of pan and Tilt in the system when 
the set value is step function. And in Fig. 5,6 is the angular response, control signal of pan and 
Tilt in the system when the set value is a sine function. From the above results, it can be seen 
that the proposed control law always makes the system stable asymptotically, the quality of the 
control system depends on the accuracy of the model and the controller parameters. The control 
signal depends largely on the parameters T1={0.6,0.3,0.1}, T3=={0.6,0.3,0.1} of the controller, 
with appropriate selection will ensure the system has low energy consumption while still 

ensuring control quality. 
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Fig. 3. Pan stitch response: a- Angle response ; b- Control signal 
 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.05

0.1

0.15

0.2

0.25

0.3

Time (s)

x 2 (r
a
d.

)

 

 

x
2
setpoint

T
2
=0.6,beta

2
=0.1

T
2
=0.3,beta

2
=0.1

T
2
=0.1,beta

2
=0.1

 
a) 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

20

40

60

80

100

120

140

160

180

Time (s)

F
o
rc

e
 (
N

)

 

 

T
2
=0.6,beta

2
=0.1

T
2
=0.6,beta

2
=0.1

T
2
=0.6,beta

2
=0.1

 
b) 

 
Fig. 4. Tilt response : a- Angular response ; b- Control signal 
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Fig. 5. Pan response: a- Angle response ; b- Control signal 
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Fig.6. Tilt response : a-Angle response ; b- Control signal 

5 Conclusion 

Synthetic synthesis method for ensuring the system is asymptotically stable and the objective 
function of the method contains the optimal energy component. Surveying and selecting 
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controller parameters can ensure that the system has an effective control law in terms of energy 
consumption but still ensure the quality of system control. To ensure that the limit value of the 
control signal can change the change of the manifold stability guarantee parameter. The 
proposed control rule also works well with many different types of set values. Since the camera-
mounted pan tilt system is characterized by a rapidly changing unpredicted set signal, this is 
also an advantage of this method. However, in this study, the controller parameter selection 
method has not been given. Therefore, in future studies, the authors will study methods to 
choose the optimal parameter of the controller.   

References 

1. C.-Y. Tsai and K.-T. Song,“Dynamic visual tracking control of a mobile robot with image 
noise and occlusion robustness,” Image and Vision Computing, vol. 27, pp. 1007-1022, 
2009. 

2. Ho-Pyeong Lee and Inn-Eark Yoo (2008), “Robust Control Design for a Two-axis 
Gimbaled Stabilization System”, IEEE, pp. 45-52. 

3. W. Rong-Jong and L. You-Wei, “Adaptive Moving-Target Tracking Control of a Vision-
Based Mobile Robot via a Dynamic Petri Recurrent Fuzzy Neural Network,” IEEE 
Transactions on Fuzzy Systems, vol. 21, pp. 688-701, 2013. 

4. Y. Sun, Q. Cao, and W. Chen, ”An object tracking and global localization method using 
omnidirectional vision system,” in Proceeding of the 5th World Congress on Intelligent 
Control and Automation, Hanzhou, China, 2004, pp. 4730-4735. 

5. T. Weigel, J.-S. Gutmann, M. Dietl, A. Kleiner, and B. Nebel, “CS Freiburg: coordinating 
robots for successful soccer playing,” IEEE Transactions on Robotics and Automation, vol. 
18, pp. 685-699, 2002. 

6. R. Stanciu and P. Y. Oh, “Feedforward control for human-in-the-loop camera systems,” in 
Proceedings of IEEE International Conference on Robotics and Automation, New Orleans, 
USA, 2004, pp. 1-6. 

7. M.A.Olivares-Mndez,P.Campoy,C.Martłnez, and I. Mondragn, “A pan-tilt camera fuzzy 
vision controller on an unmanned aerial vehicle,” in IEEE/RSJ International Conference on 
Intelligent Robots and Systems, St.Louis, USA, 2009, pp. 2879-2884. 

8. B. Zhang, J. Huang, and J. Lin, ”A novel control algorithm for object tracking by 
controlling PAN/TILT automatically,” in 2010 2nd International Conference on Education 
Technology and Computer (ICETC),Shanghai, China, 2010, pp. V1-596-V1-602. 

9. Hongkai Chen, Xiaoguang Zhao, Min Tan. A Novel Pan-Tilt Camera Control Approach for 
Visual Tracking. Proceeding of the 11th World Congress on Intelligent Control and 
Automation. DOI: 10.1109/WCICA.2014.7053182. 

10. Kolesnikov A.A. Synergetic control theory - Taganrog: TRTU, Energoatomizdat, 1994 - 
344 p. 

11. Chiem Nguyen, Hai Phan , Hung Nguyen. An energy saving method of stable control of 
inverted pendulum system when affected by external interference using auxiliary 
pendulum.E3s web of conferences 104, 01015 (2019) 
https://doi.org/10.1051/e3sconf/201910401015eeests-20197/2019. 

12. Kolesnikov A.A. Synergetics and problems of control theory: collection of articles. 
scientific. tr. Ed. A.A. Kolesnikov. M .: FIZMATLIT, 2004. 

13. Kolesnikov A.A. Introduction of synergetic control // Proceedings of the  American 
Control Conference ACC-2014, Portland, OR, USA, 4-6 June 2014.   – Pp. 3013-3016. 

10

E3S Web of Conferences 279, 02007 (2021)
EEESTS-2021

https://doi.org/10.1051/e3sconf/202127902007


