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Abstract—In this paper, a control strategy based on fractional
order approach for visual servoing systems is investigated. The
proposed image-based control strategy is a fractional-order PI
which takes into account the point features. In order to evaluate
the designed control strategy, a visual servoing simulator con-
sisting of a manipulator robot with 6 degrees of freedom (d.o.f.)
and an eye-in-hand camera configuration was considered. The
validity of the visual based controllers is shown by the simulation
results which demonstrate that the proposed approach based on a
fractional-order controller has a stable and convergent behavior
when dealing with visual servoing applications. Simulations
have been performed and the results revealed that the image-
based fractional-order PI controller outperforms the conventional
image-based integer-order PI controller.

I. INTRODUCTION

Manipulator robots represent an automated electromechani-
cal system with a flexible functionality through programming
according to the environmental conditions in which they
operate. The main role of the manipulator robots is to help
the human operators in executing repetitive and/or hazardous
tasks in industrial habitat. The robot control field studies the
structure and functionality of the robot command unit. Based
on the dynamic and geometrical model and on the tasks that
needs to be performed, dedicated commands are establish. In
order to provide these commands to the actuators, the hardware
and the software we have to make use of the feedback signals
obtained from the sensory system unit [1].

Visual servoing is an active topic with important results
in robotics which combine control techniques and image pro-
cessing methods in order to control a robotic system. Servoing
systems are classified in two fundamental structures: position-
based visual servoing (PBVS) and image-based visual servoing
(IBVS) [2]. Further on, the image-based architecture will be
considered. As IBVS does not explicitly solve for the Cartesian
pose of the target object, its performance does not depend on
the accuracy of a priori models. However, this architecture
has also disadvantages, one of it being the convergence of the
control law when dealing with large displacement. In order
to overcome the downside of the IBVS structure, advanced
control strategies are employed [3], [4], [5], [6]. It is well
known that the dynamics of a robot motion tracking system
is time varying, therefore one of the most challenging task
is to design new control methodologies to deal with the
nonlinearities of the manipulator robot [2], [7], [8], [9], [10].
Fractional order control strategies seem to be a good candidate

to cope with these challenges. Fractional order or non-integer
order system are characterized by dynamical systems whose
model structure consist of arbitrary order derivatives and/or
integrals [11]. Fractional order control is a tool of Fractional
Calculus theory and its potential is given by the fact that it
can ensure robustness of the system to be controlled [12].

Potential applications of visual servoing are numerous. It
can be used as soon as a vision sensor is available and a task
is assigned to a dynamic system to control its motion. Among
the applications reporting the use of visual servoing techniques
one can identify the following:

• The control of a pan-tilt-zoom camera
• Grasping using a robot arm
• Locomotion and dexterous manipulation with a humanoid

robot
• Micro- or nanomanipulation of MEMS or biological cells
• Pipe inspection by an underwater autonomous vehicle
• UAV formation control
• Autonomous navigation of a mobile robot in indoor or

outdoor environment
• Aircraft landing
• Autonomous satellite rendezvous
• Biopsy using ultrasound probes or heart motion compen-

sation in medical robotics
• Virtual cinematography in animation

As it can be noticed, most of the visual servoing applications
consist of a moving target. In order to cancel the error
introduced by the moving target, an integral term is used in the
visual control law. In this paper, a fractional-order approach
is used to design the controller. The performance of the
fractional-order controller was evaluated against the integer-
order controller and the results revealed that the image-based
fractional-order PI controller outperforms the conventional
image-based integer-order PI controller.

The paper is organized as follows: Section II presents
the basis of an image-based visual servoing configuration
including image-based control architecture and robot mod-
eling. In Section III, the proportional image-based control
law is described together with the image-based control law
for moving target. In Section IV, the simulation results of
the designed controllers are presented. Finally, Section V
addresses concluding remarks.



II. THE BASIC OF IMAGE BASED VISUAL SERVOING

The classical designs for servoing architectures are named
image-based visual servoing (IBVS) and pose-based visual
servoing (PBVS). In the IBVS approach, a function f consists
of a set of 2D parameters that are directly expressed in
the image plane, while in the PBVS approach the function
f consists of a set of 3D parameters related to the pose
between the camera and the target. Advanced visual servoing
techniques are also available in literature, however, these are
out of the scope of this study. In this paper the focus is on
image-based visual servoing approach.

Visual servoing can be seen as sensor-based schema control
from a vision sensor. Main, if not all visual servoing tasks can
be expressed as the regulation to zero of an error e(t) which
is defined by:

e(t) = f(m(t),a)− f∗(t) (1)

where m(t) is a set of image measurements (e.g., the image
coordinates of interest points, or the area, the center of gravity,
and other geometric characteristics of an object) and a is a set
of parameters that represent potential additional knowledge
about the system (e.g., coarse camera intrinsic parameters or
3D model of objects). The vector f∗(t) contains the desired
value of the features, which can be either constant in the case
of a fixed goal either varying if the task consists in following
a specified trajectory.

A. Image based Control Architecture
Image-based visual servoing (IBVS) uses direct image mea-

surements as feedback to control the motion of a robot. The
robots positioning task is expressed as an image-based error
function to be minimized using a suitable control law. As IBVS
does not explicitly solve for the Cartesian pose of the target
object, its performance does not depend on the accuracy of a
priori models. However, since the domain of the control law is
in the image space, there is no direct control over the Cartesian
or joint-space trajectory of the robot end-effector.

Generally, an image-based servoing architecture consists
of: a manipulator robot, a visual sensor and a image-based
controller. In Figure 1 a schematic of a image-based control
architecture of manipulator robots with 6 degrees of freedom is
being illustrated. The core of the architecture is represented by
the image-based controller which requires apriori information
related to the system behavior in order to minimize the error
between the current configuration of the visual features f and
the desired configuration of the features f∗.

Let p = (X,Y, Z) be a 3D point defined in the camera
space, its projection in the image plane (Figure 2) is the point
x of coordinates (x, y), where:{

x = (X/Z)ι
y = (Y/Z)ι

(2)

and ι represents the focal length, with ι = 1. The time
derivative of a 2D point is defined as:{

ẋ = Ẋ/Z − xŻ/Z
ẏ = Ẏ /Z − yŻ/Z (3)

Regardless of the visual sensor configuration, eye-in-hand
(the camera is mounted on the effector of the robot) or eye-to-
hand (the camera is fixed in the working space), the derivative
of the point p with respect to the camera velocity vc can be
calculated based on the fundamental kinematics equation:

ṗ = −v − ω × p = −v + [p]×ω (4)

where vc = [vT , ωT ]T = [vx, vy, vz, ωx, ωy, ωz]
T is the

camera velocity with v and ω the linear and angular velocity
respectively, [p]× is the antisimetric matrix defined as:

[p]× =

 0 −Z Y
Z 0 −X
−Y X 0

 (5)

Substituting (5) in (4), the derivative of a point p with respect
to the visual sensor is: Ẋ

Ẏ

Ż

 = −

 vx
vy
vz

+

 0 −Z Y
Z 0 −X
−Y X 0

 ωx
ωy
ωz

 =

= −

 vx
vy
vz

+

 −ωyZ + ωzY
ωxZ − ωzX
−ωxY + ωyX


(6)

thus 
Ẋ = −vx − ωyZ + ωzY

Ẏ = −vy + ωxZ − ωzX
Ż = −vz − ωxY + ωyX

(7)

If we substitute (7) in (3), the velocity of a 2D image feature
ẋ = (ẋ, ẏ)T can be written as:{

ẋ = −vx/Z + xvz/Z + xyωx − (1 + x2)ωy + yωz
ẏ = −vy/Z + yvz/Z + (1 + y2)ωx − xyωy − xωz

(8)

By writing previous equation in a matrix form, the following
is obtained:

ẋ = Lxvc (9)

Fig. 1. Visual servoing architecture to control manipulator robots

Fig. 2. Perspective projection of a 3D point



where Lx is the interaction matrix related to x. Combining (8)
and (9), the interaction matrix for a 2D point x of coordinates
(x, y) can be calculated by:

Lx =

[
−1/Z 0 x/Z xy − (1 + x2) y
0 − 1/Z y/Z 1 + y2 − xy − x

]
(10)

where Z is the depth of the point relative to the camera frame.
For a set of n point features, the interaction matrix can be
computed as:

Ln =


Lx1

Lx2

...
Lxn

 (11)

B. The robot model - VCMD MODEL

In order to model the dynamic of the system in open loop
the two entities which have to be analyzed are: manipulator
robot and visual sensor. Further, an eye-in-hand configuration
of the ensemble robot-visual sensor is being considered.

There are two possibilities to model the robot: kinematic and
dynamic modeling. From these two, robot dynamics represents
a key role with respect to the performance of the visual
servoing system. For servoing applications the manipulator
robot can be modeled as a VCMD [13]. As it can be noticed
in Figure 1 the input signal for the VCMD is the output for the
visual based controller v∗c . This signal is the reference velocity
of the camera and it has the following form v∗c = [v∗ω∗]T ,
where v∗ = [v∗x v∗y v∗z ]T is the linear velocity and ω∗ =
[ω∗x ω∗y ω∗z ]T is the angular velocity. The input signal v∗c is
represented in Cartesian space and in order to be applied to the
manipulator robot a homogeneous transformation is needed.
If we denote with [t1, t2, t3, t4, t5, t6]T the pose obtained by
integrating v∗c then the Jacobian of the robot can be defined
as:

Jr =


∂t1
∂q1

· · · ∂t1
∂q6

...
. . .

...
∂t6
∂q1

· · · ∂t6
∂q6

 (12)

where: qi, i = 1, 6 represent the states of the robot joints.
Therefore, transformation of v∗c from Cartesian space in the
robot space joint can obtained via J−1r .

In [13] a linearized model for a MIMO VCMD is proposed.
Starting from the hypothesis that each joint has it own velocity
control loop (see figure 3). The controllers Ci, i = 1, 6
corresponding to the control loops are designed in such way
that the joints decoupling is ensured (this being valid for the
most manipulator robots). Due to Jacobian matrix structure
related to the robot and due to the dynamic of the robot with
respect to the joint position, the result is a non-linear VCMD
model. For linearization purposes the following assumptions
are being made: the non-linear effect generated by Coriolis
force, the inertial force and gravitational torch have a insignifi-
cant disturbance effect on the control loop. This can be rejected
by an adequate design of the controllers Ci, i = 1, 6.

The nonlinearities generated by all this forces become
significant when the robot is moving with high speed. Due
to the fact that the control loop for the joints are very fast,
this can be designed in continuous time and therefore a ZOH
bloc has to be included as it is shown in Figure 3. To apply
the v∗c speed in the robot joint space the inverse of the robot
Jacobian J−1r is used.

Fig. 3. The VCMD model of a manipulator robot

Taking into account that the joint inertia is varying very less
with respect to the robot position xq , the inertia matrix can
be considered constant around a given position of the robot.
For servoing systems based on visual feedback speed joints
are controlled individually and the controllers Ci, i = 1, 6
are designed to reject the nonlinear effect produced by the
disturbances. Starting from these assumptions and considering
that the dynamic model of the robots but also the Jacobian Jr
are constant in a given position of the robot xq , the control
loops of the robot can be modeled using the transfer function
G(s):

vq(s) = G(s)v∗q(s) (13)

The discrete linear model of the VCMD is illustrated in
Figure 4 and is described by:

GV CMD(z−1) =
(
1− z−1

)
Z
(
JrG(s)J−1r

s2

)
(14)

where Z represents the z transform.

Fig. 4. The linearised model for VCMD

In [13] the dynamics of the visual sensor is modeled as pure
delays. These delays are generated by: the time necessary for
image acquisition and image formation, the time needed to
transfer the image from the camera to the computer and the
time required for image processing.

In order to determine the model of the visual sensor we can
assume that the time required for the acquisition and formation
of the image, Tach, is equal to the sampling period Ts, the
time necessary to transfer the image, Ttrans, is very small in
comparison with the sampling period and the time for image
processing, Tproc, is equal to the sampling period. Thus, the
visual sensor can be modeled as dead-time element equal to
2Ts. Using the camera model together with the VCMD model
and knowing the initial pose of the camera denoted with x0,



we can develop a control structure as in Figure 5 which can
then be successfully applied in real-time servoing applications.
Assuming that G(s) is diagonal, then the discrete transfer
matrix can be written as:

Gp(z
−1) = z−2

(
1− z−1

)
JrZ

(
G(s)
s2

)
J−1r =

= z−2Jrdiag
{
bi(z

−1)
ai(z−1)

}
J−1r , i = 1, 6

(15)

The ARIMAX model has the following deterministic form:

z−1A−1(z−1)B(z−1) = Gp(z) = z−2Jrdiag

{
bi(z

−1)

ai(z−1)

}
J−1r

(16)
where

A(z−1) = diag
{
ai(z

−1)
}
J−1r

B(z−1) = z−1diag
{
bi(z

−1)
}
J−1r

(17)

Fig. 5. Control architecture for a servoing system using VCMD model

Another method that can be used to describe the dynamics
modeling of a manipulator robot is presented in [14].

III. CONTROLLERS FOR MOVING TARGETS

A. Classical image-based control law

The main objective of the IBVS architecture is to steer a
manipulator robot using visual information acquired by the
camera. In order to fulfill the task, a trajectory for the visual
sensor need to be designed. This trajectory can be computed
by the integration of the camera velocity which is given
through the minimization of the error between the current
and the desired visual features. Next, was considered that
the object is characterized by n point features of coordinates
(ui, vi), i = 1, n defined by:

f = [fT1 ...f
T
n ]. (18)

Let vc = [v, ω] be the camera velocity vector and assuming
that the structure of a point feature is fi = (ui, vi) = K ·
[xi, yi, 1]T , i = 1, n, where K is the intrinsic parameter matrix,
the link between the point features motion in the image plane
and the camera motion in the Cartesian space, vc, is given by:

ḟi = Lfivc, i = 1, n. (19)

In (19) the interaction matrix for a point feature Lfi can be
computed using [2]:

Lfi =

[
− 1
Zi

0 xi
Zi

xiyi −(1 + x2i ) yi
0 − 1

Zi

yi
Zi

1 + y2i −xiyi −xi

]
,

(20)
where Zi is the depth of the corresponding projection point in
the Cartesian space related to the camera frame. While point

features are considered as visual features, the error that has to
be minimized is:

e(k) = f(k)− f∗, (21)

where f(k) represents the point features configuration at the
iteration k and f∗ is the desired vector configuration. This
error represents the input signal of the image-based controller,
while the output is the desired camera velocity v∗c .

The connection between the point features error and camera
velocity is computed by:

ė = Lf vc (22)

Tacking into account the robot dynamics, the previous
equation become:

ė = LfG(z−1)v∗c (23)

In order to have an exponential decrease of the error:

ė = −λe (24)

and considering v∗c as the command signal for the robot
controller, the following control law is obtained:

v∗c = −λG−1(z−1)L+
f (f(t)− f∗) (25)

where L+
f is the pseudo-inverse of the Lf interaction matrix

and is defined as:

L+
f =

(
Lf

TLf

)−1
Lf

T (26)

The control systems based on the visual feedback are nonlin-
ear and have coupled dynamics. The stability of these type
of system can be analysed by using Lyapunov function. A
detailed analysis of the stability of the visual serving systems
is presented in [15].

B. Image-based control law for moving targets

Considering the general case of a servoing application with
a moving target, the time variation of the error from (22) can
be written as [16]:

ė = Lf vc +
∂e

∂t
(27)

where ∂e
∂t represents the time variation of the error with respect

to the target motion (for static object ∂e
∂t = 0). By imposing

an exponential decrease of the error (24), the designed image-
based control law is given by:

vc = −λL+
f e− L+

f

∂̂e

∂t
(28)

with ∂̂e
∂t an approximation of ∂e

∂t which was considered in
order to overcome the errors introduced by the moving target.
By substituting (28) in (27), the behavior of the closed-loop
system can be expressed as:

ė = −λLfL
+
f e− LfL

+
f

∂̂e

∂t
+
∂e

∂t
(29)

For the case of a static object where ∂e
∂t = 0 and implicit

∂̂e
∂t = 0, the system is stable and the error converges to zero



if LfL
+
f > 0. However, in the case of a moving target, in

order to compensate tracking errors, an accurate estimation of
LfL

+
f is necessary, such as:

LfL
+
f

∂̂e

∂t
=
∂e

∂t
(30)

Another approach widely used in automatic control to cancel
the steady-state error implies the use of an integral term in the
control law. Here, the integral action can be written as:

∂̂e

∂t

∣∣∣∣∣
k+1

=
∂̂e

∂t

∣∣∣∣∣
k

+ µe(k) (31)

where ∂̂e
∂t

∣∣∣
k

is the estimation of ∂e
∂t at moment k, e(k) is the

error at moment k and µ is the gain of the integral action.

C. Fractional order controller

Due to its advantages [17], [18], further-on fractional control
is used to design the integral action. The continuous fractional-
order (derivative or integral of non-integer order) operator,
denoted aD

α
t , where a represents the initial conditions, t is

the time of evaluation and α ∈ R represents a generic order,
is given by [19], [20]:

aD
α
t =


dα

dtα
, α > 0

1 , α = 0∫ t
0

(dτ)
−α

, α < 0

(32)

Three definitions are generally used for the fractional dif-
ferintegral: the Grunwald-Letnikov definition, the Riemann-
Liouville and the Caputo definition [21]. The notion of
fractional-order integral of order α > 0 is a natural conse-
quence of Cauchy’s formula for repeated integrals, expressed
as [17]:

aD
−α
t f(t) =

1

(α− 1)!

t∫
a

(t− τ)
(α−1)

f(τ)dτ ,

τ > a, α ∈ Z+

(33)

Extending (33) to α ∈ R+, the Riemann-Liouville definition
of a fractional-order integral is obtained as:

aD
−α
t f(t) =

1

Γ(α)

t∫
a

(t− τ)
(α−1)

f(τ)dτ (34)

where 0 < α < 1 and Γ(α) is the Euler’s Gamma function
which is a generalization of a factorial:

Γ(α) =

∞∫
0

tα−1e−tdt (35)

Let a = 0 in (34), the notation of the fractional-order
integral in simplified to:

D−αt f(t) =
1

Γ(α)

t∫
a

(t− τ)
(α−1)

f(τ)dτ (36)

There are other definition of the fractional-order derivative, but
is out of the scope of this paper. Based on the fractional-order
approach, the time variation of the error from (27) becomes:

ė = Lf vc +
∂̂αe

∂tα
(37)

Following the same principle as before, the image-based
control law is defined as:

vc = −λL+
f e− L+

f

∂̂αe

∂tα
(38)

where ∂̂αe
∂tα was calculated based on (36) and represents the

estimated value of the time variation of the error ∂e
∂t .

IV. SIMULATION RESULTS

The image-based control law of a visual servoing archi-
tecture based on fractional-order approach was implemented,
tested and validated using Matlab R© framework. The simulator
used to perform the experiments was partially developed by the
author as an extension of the simulator presented in [22]. The
performance of the fractional-order image-based control law
was compared with the one obtained using classical inter-order
approach. The parameter of the fractional-order PIα controller
were chosen as follow: λ = 0.73, µ = 0.27 and a fractional-
order of α = 0.45, while the parameters of the integer-
order PI controller are given as: λ = 0.9 and µ = 0.069.
Multiple simulation were performed in order to validate the
image-based control law and one of the visual servoing task
configuration is presented in Figure 6. Note that the desired
image feature configuration is not static but dynamic with
moving target. The evolution of the camera velocity vectors
for this configuration is illustrated in Figures 7 and 9. The
error of the image feature can be visualized in Figures 8 and
10.
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Fig. 6. Point feature configuration for the considered servoing scenario

As can be observed in the considered scenario, the simula-
tion results show a faster convergence of the servoing system
when dealing with fractional-order approach in comparison
with integer-order controller. Due to flexibility introduced by
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Fig. 7. Evolution of the camera velocities using fractional-order approach
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Fig. 8. Image feature error when fractional-order control law was considered
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Fig. 9. Evolution of the camera velocities using integer-order approach
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Fig. 10. Image feature error when integer-order control law was considered

the fractional control law (an extra parameter) the servoing
system can fulfill easier the specifications/tasks.

V. CONCLUSION

In this paper, an application of the fractional-order controller
over a visual servoing task with moving target was presented.
The performances of the fractional-order PI controller are

analyzed and compared with integer-order PI controller. The
simulation results indicate that the fractional-order controller
outperform the classical integer-order controllers. Due to the
flexibility of the fractional controller introduced by the extra
parameter, the system can fulfill more specification but its
implementations require additional effort in comparison with
classical PI controller. However, given the improvements in
performance the trade-off in having a somewhat higher com-
putational effort is justified.
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