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Fractional Order PD” Control of a Visual Servoing Manipulator System
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Abstract—1In this paper, a fractional order PD” controller
based on visual features is presented. A manipulator robot with
6 degrees of freedom and an eye-in-hand camera configuration
is employed to design a visual servoing control architecture. The
image based control law was designed using point features.
A Matlab simulator which implements the visual control
architecture was developed and the results were compared with
a classical integer order controller. 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. The fractional order
PD* controller provides better performances in comparison
with an integer order PD controller.

I. INTRODUCTION

The robot motion tracking systems represent one of the
most challenging control applications in the field of manip-
ulator robots due to the highly non-linear and time varying
dynamics. Numerous control algorithms have been proposed
to deal with nonlinear dynamics of manipulator robots [1],
[2], [3]. Hitherto, many types of control schemes have been
proposed to control manipulator robots [4]. In recent years,
many studies and applications of fractional order systems in
areas as science and engineering have been presented, but
there is still much room for developing this emerging tools.
In this paper, we focus on the Fractional Order Proportional-
Derivative (FOPD) controller performances in dealing with
the nonlinear dynamics of a manipulator system. Recently,
fractional order control of nonlinear systems has started to
attract the interest for applications in control engineering [5],
[6].

Image based visual servoing (IBVS) is an important tech-
nique used for solving the complex problems of controlling
robot systems. An image based-controller can be designed
not only using a proportional control law, but also with
advanced control techniques which imply the knowledge of
an open-loop model of the visual servo control system. In
[7] a linear approximation around the working points of a
multivariable controller was used to control a fast visual
servo system of a two links arm. The robot is modelled taking
into account the flexibility in the link and the dynamics of the
velocity controlled actuators. The proposed model was used
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to design a GPC controller, and also an advanced controller
in the frequency domain (H., controller). In [8], Hashimoto
assumes that the robot dynamic is modelled as a perfect
Cartesian motion device and uses point features, in order to
control a 6 d.o.f robot with a LQ state feedback controller.
The visual servoing system presented in [9] considered an
ARIMAX multivariable model for the manipulator robot,
which allows the implementation of a GPC controller. An-
other approach in modelling the robot is the Virtual Cartesian
Motion Device (VCMD) described in [10].

Another model of a visual servo system is given in [11]
and it employs camera position controller with a robust
disturbance observer in the joint space. In this way each
joint axis is decoupled and the inner loop can be expressed
in the frequency region below the cut-off frequency of the
robust disturbance observers as a diagonal transfer matrix.
In [12], the IBVS structures based on nonlinear model
predictive control are used for controlling manipulators with
catadioptric cameras. Also, for a 3D visual servoing task,
a nonlinear predictive approach is presented in [13]. An
interesting approach for image based visual servoing is by
using nonlinear model predictive control (NMPC) [14]. The
relation between the variation of the visual features in image
plane and the camera velocity vector in Cartesian space is
done using a nonlinear operator named usually interaction
matrix. Considering the complexity of visual servoing tasks,
advanced control techniques are needed, in order to design
stable and robust image based controllers.

In this paper, the application of fractional order control
for a visual servoing system was studied. The designed
control architecture consists of a 6 d.o.f. manipulator robot
with a visual sensor mounted on the last robot arm. Visual
information, as point features, acquired from a sensor are
used in the fractional order controller to steer a robot
from an initial to a desired configuration. The proposed
architecture was implemented, tested and validated using a
simulator developed by the authors in Matlab. The simulation
results revealed good performances and show a stable and
convergent behavior of the servoing system when dealing
with image based fractional order control law. A comparison
with a classical proportional controller was conducted and
experimental results were revealed.

The paper is structured as follows: in Section II, the
principle of an image based control architecture and an
analytical method for computing the interaction matrix are
presented. Section III is devoted to the fractional order
control algorithm. The experimental results are presented
in Section IV and the conclusions are detailed in the last
Section.
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II. PRINCIPLES OF A VISUAL SERVOING SYSTEM

A. Visual features

Controlling a robot system using visual information ac-
quired by a camera is the main goal of any IBVS control
architecture. A schematic overview is given in Fig.1. The
considered robot system is a 6 d.of. manipulator robot that
has a visual sensor mounted on its last joint (eye-in-hand
configuration). The open loop model of the visual servoing
system from Fig.1 consists of two models: i) the robot model
considered most of the times as a VCMD and ii) the visual
sensor. The first one has as the input the reference camera
velocity v} and generates the camera velocity screw v,
depending on the robot dynamics. Typically, the visual sensor
is composed of a camera and an image processing block used
to extract point features from the image.

In order to achieve the main objective of IBVS, a trajectory
for the video camera must be designed. The trajectory is
given through the integration of the camera velocity obtained
from the IBVS architecture by minimizing the error between
the current visual features configuration and the desired one.
In our approach we consider that the object is characterized
by n point features of coordinates (u;,v;),% = 1,n defined
by:

f=Hfal (1)
The error between point features in the image plane is:
e(k) = f(k) = 7, 2)

where f(k) represents the point features configuration at
the iteration k, while f* is the desired vector configuration.
Equation (2) is the general representation of the input signal
for the image based controller. The outputs of the image
based controller is v} of the camera. Once the task of
extracting point features is completed then a relationship
between time variation of f(k) and camera velocity can be
generated. Let v. = [v, w] be the camera velocity vector with
v = [vg, Uy, v;] and w = [w,, wy, w,] the linear, respectively,
angular velocity components.

Considering that the point features are defined relative to
the camera frame, the time variation of f can be computed
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Fig. 1. Visual servoing closed loop architecture

with respect to the camera velocity by:

. of. of
f—ar‘f‘a? 3)

where r(t) represent the relationship between the camera
frame and the object frame at the moment ¢. Next, we
consider that the object is static (% = 0). Starting from
the fundamental cinematic equation, the velocity of a 3D

point related to the camera velocity can be computed by:
X=-v-wxX=—-v+[X]w, 4)

where [X]x is the antisymmetric matrix for X. Combining
(3) with (4) and using the perspective projection from 3D
space in 2D space, the relationship between the motion of
point features ( f) and camera velocity (v.) can be defined
as [4]: )

f=1Lyv., 5)

where by L; € R?"*6 ig denoted the interaction matrix of
the n point features that compose the vector f. From (2) and
(5) the connection between time variation of the error and
camera velocity can be easily computed by:

é=Ljv.. (6)

Most of the visual servoing systems implementation do
not take into account the dynamics of the robot and thus
v. = v. If an exponential decoupled decrease of the error is
desired, a classical proportional control law is defined
by:

vi= f)\L;{e, (7)

where L}" € R%*2" s the Moore-Penrose pseudoinverse of
Ly, that is L;{ = (L?L f)*lef. The interaction matrix for
a point feature can be computed using [15]:

-0 zy  —(1+y?) oy

- z
Ly= T e

0

[SEESINE LS

where z is the depth of the corresponding projection point
in the Cartesian space related to the camera frame. The
interaction matrix of detected point features is defined as:

Ly=[Li...Ln)". 9)

The presented scheme consists of a VCMD, a Visual
Sensor (VS) and the Image based Controller (IbC). In Fig.
1 it can be observed that as input the VCMD has the
reference camera velocity denoted v.* and as output the
camera velocity screw v.. The Visual Sensor has as input
v. and generates the vector f(k) = (u;(k),v;(k)),i = 1,n
that stores the coordinates of the visual features from the
image.

B. Plant model

The plant for this study is composed of a 6 d.o.f manip-
ulator (representing the VCMD) and an eye in hand camera
(VS). The VCMD is considered an inner velocity loop which
controls the camera velocity and the outer one implements
the image based control loop. The inner loop is regarded
as an analog system because the sampling period of the
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inner loop is very small (usually 1 ms) and it is described
by a transfer matrix. This transfer matrix approximates the
nonlinear robot dynamics using different approaches [9], [11]
and typically has a diagonal form obtained through a suitable
design of the multivariable inner velocity control loop. The
input of the VCMD is the camera velocity reference which
is applied to analog velocity control loops described by the
transfer matrix through a zero-order hold (ZOH).

1) Virtual Cartesian Motion Device Model: Let
[t1 ta t3 t4 t5 tg]7 be the transformation that
converts a homogeneous matrix into 6 Cartesian space then
the robot Jacobian is defined by:

9q1 9ge
Jr = , (10)
9q1 9ge

where ¢;, i = 1,6 represent the state of the robot joints.
One way to achieve a decoupled system is to employ a robust
control strategy based on the joint space disturbance observer
(DOB) and thus each joint axis is considered decoupled
under the cut-off frequency of DOB [11]. The velocity
controller is considered as a diagonal gain matrix:

K, = diag{ky, ky, ..., ky }. (11)

If the non-singularity of the robot Jacobian J, in the camera
coordinates is assured, the transfer function from the accel-
eration command v, to the velocity v, can be considered as
a integrator system in the frequency region below the cut-off
frequency.

The typical sampling period of the VCMD system is 0.2-
1 ms and the typical cut-off frequency is 150-300 rad/s.
Since the velocity controller is usually a proportional one
with an amplification value k,, the inner loop system can
be expressed in the frequency region below the cut-off
frequency as:

_ k'l]
s+ k,

where I is the identity matrix. Thus the following linearized
discrete model for VCMD is obtained:

Gz =(1-2"1)Z(G(s)/s),

Teve(s), 12)

13)

where Z symbolizes z transform. Using the VCMD model,
the visual control law from (7) becomes:

v, = —)\G_l(z_l)L?e. (14)

2) Visual Sensor Model: Typically, the visual sensor is
composed of a camera and an image processing block used
to extract the features from the image. Considering the poses
of the camera and object be z. € RS and 2y, € RY, the
camera is modeled by the mapping:

B : RS x RS — R?" (15)

where n point features are selected to characterize the object.

The camera is modeled using the mapping (15) as a
function of x. and x(. The image processing block is modeled
as:

=g (ﬁ('r(}axo)) )

where g is a function that models the feature extracting
algorithms.

In order to get the visual sensor model, there are firstly
considered the frames attached to the robot base Fj, to the
camera F, and to the object F,. Let T° and T be the
homogeneous transformations between the frames F, and F
and, respectively, F, and Fj. It is assumed that the object
feature positions x% related to the frame Fj, is known and
that the desired features f* were extracted using a suitable
operator. The homogeneous transformation T°(0) for the
camera start position is also considered known.

In order to obtain the homogeneous transformation 7°(k),
the camera velocity v.(k) is integrated. The following ho-
mogeneous matrix is obtained:

(16)

Ti(k) = | Reey®) ) (a7)
0 1
where:
CpCY  CpS9Sy — SpCy  CpSYCy + SpSy
RRrpy = | SpCo 5,598y +CpCy  SpS9Cy — CuSy
—59 CoSy CyCy
(18)

is the rotation matrix expressed using the roll, pitch and
yaw approach, and t(k) is the translation vector. The c(,
and s() notations represent the cosinus and sinus func-
tions. Computing the inverse of TP(k), the homogeneous
transformation T7(k) is derived and multiplying it with the
object feature position x? related to the frame [, the object
feature position x5 related to camera frame F¢ is got. Having
the feature position x§ = [#i, 9, z;])T, the intrinsic camera
parameters p,, p, and the image center point coordinates
(up,vp), the point features coordinates expressed in pixels
are obtained based on the perspective projection:

Ly i
wi = Zpy +ug; v = 2y + v, (19)
Zi Zi
The Visual Sensor model represented by (15) - (19) has
as input the camera velocity v.(k) and as output the point
feature coordinates stored in f(k).

III. FRACTIONAL ORDER CONTROLLER

In this section, a fractional order PD# algorithm for a
visual servoing manipulator system is presented. The PD#
controller has the following form of transfer function:

Ci(s) = Kp, (14 Kg,s"),p € (0,1],i =1,6,  (20)

where K, and K, represent the proportional and derivative
gains, and p; is the fractional order, for joint 7.

The fractional differential equations can be specified in
terms of the general fundamental operator ,D) as a gen-
eralization of the integration and differentiation operator,
where g is the fractional order and a,t are limits which
represent the initial conditions [16]. The most commonly
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used definitions are the Riemann-Liouville (RL) and the
Grunwald-Letnikov (GL). The RL definition of the fractional
derivative of the signal p is given by:

1 dar

aDéLp(t) = F(’Il— ,u)dT"

t

/ (t=m)"" " p(rydr, (@1

where T' is the gamma function defined by:
I(z) = /e*ttwfldt.

0

(22)

The GL definition, which is the case of interest here, has the
following form:

o
oDio) = i i (17 () ote . @)
j:

where [-] gives the integer part of its argument.
The fractional order proportional derivative controller de-
fined by (20) can be written as:
Ci(jw) = Kp, (1 + Kg4,w" cos % + jKg,w" sin M) .
24)
In order to design the fractional controller, we assume that L
with L*T compensate each other and thus LL*' & I3, 2y,.
In this context the process can be defined as:
1
P(s) = =G(s) = diag{P;(s)}. (25)
S
From the basic definition of the gain crossover frequency weg
and the phase margin ¢,,, the next specification [16] has to
be met by the fractional order controller:

m = arg[Ci(jweg) Pi(jweg)] + . (26)
Thus, the phase is given by:

o (A—p)m I
—1 sin 54+ Ka,weg
A—pg)m
2

arg[Ci(jw)Pi(jw)] |,—,,, = tan

pam
+5 ™

— tan ™ (weyT),

(27)
where 7 is the time constant of the VCMD model from (12)
and is equal with 1% From (26) and (27) the K, can be

computed by:

Kg, = w}‘ tan [@, + tan™! (weyT) — 47 + 7]
cg
(A—pi)m 1 s (I—p)w (28)
COS g — i sin g

Using the derivative of the phase of the open loop system
with respect to the frequency, the gain parameter K, is:

—B+\/B2? — 44202
Kaq, = ; (29)

; 1Ty
’ 2Aweh

where A =

T - i gip Ad=pdT
TF(wogr)? B = 2chg sin ~—;
(A—pi)m

- 1 . .
piwly ™" cos ~=—5+—. Given the gain crossover frequency we,

and the desired phase margin ¢,,, the parameters K;, and

w; are computed as a solution of equations (28) and (29).
Thus, the parameter K,, can be computed by:

Weg/1 + (wegT)?
\/(1 + Kg,weg cos B5)2 + K g, wig sin 475)2
(30)
Starting from classical control approach defined by (14),
the proposed fractional order visual control law is given by:

vi=—K,G 'z L¥ (e + KyDlle), 31)

where K, = [K,,...Kp,] and Ky = [Ky,...Kg,]. In (31),
Dy e represent the estimated value of the fractional derivative
from (23) at the sampling time ¢ = k7"

K, =

i

k
~ 1
Dire = 7 > (-1 ( n ) e(t—1T),  (32)

1=0
where kK = 0,1,2,... and T is the sampling period.

IV. CONTROL ARCHITECTURE

The proposed control approach for IBVS is evaluated
through the visual servoing of a 6 d.o.f. manipulator with
an eye-in-hand camera configuration. Thus, a simulator was
developed and a high number of experiments were conducted
and the obtained results were analyzed. The simulator il-
lustrated in Fig.2 was constructed starting from an existing
toolbox proposed in [17].

A. Visual Control architecture

Planar objects are defined using points in Cartesian space.
The blocks ’Initial position’ and ’Desired configuration’ are
used to represent the start position P,(0) and the desired
position P of the object. Considering the frames attached
to the robot base F3, to the camera F,. and to the object
F,, the homogeneous matrices 7° and T between the
frames F, and Fj and, respectively F, and Fj are given.
Knowing the position of the desired points related to the
robot P, and the camera position related to the robot
T¢(0), the points position P, can be detected relatively to
the camera coordinate system F. by using a homogeneous
transformation implemented with ’Homogl’ block. By a
similar procedure, the initial position P,(0), respectively the
current positions of the points are transposed from F3, to F,
frames using 'Homog2’ block, resulting the initial/current
position of the object points in the camera frame. The image
of the object described by points given in Cartesian space is
built using *Perspective projection’ blocks. For visualization
of the object points in the image plane, the ’Camera view’
block from Fig. 2 is employed.

Using the desired point features f* and current ones
f(k), the interaction matrices L} and Ly(k) are computed
employing (8) and (9). For better performances of the visual
control law, the interaction matrix Ly (k) can be replaced by
LL=1/2 (L} + Ls(k)).

The ’Fractional Order Controller’ block implements (31)
and computes the command v} (k) which represents the
reference camera velocity. This signal is the input of the
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Fig. 2. Control architecture for visual servoing manipulator robot

VCMD model described by (13). The real camera velocity
v, is the output of the "VCMD’ block. Using screw velocity
v. and knowing the camera position related to the robot
T¢(0), the "Frame Motion’ block computes the new position
and orientation of the camera T,’(k) [17]. Assuming that
the starting object features position related to the robot base
P,(0) are known and using the camera pose stored in T°(k),
the current point features coordinates are obtained.

B. Simulation Results

The visual control strategy based on fractional order
controller proposed in our paper was implemented, tested
and fully validated in simulations. The proposed control
architecture from Fig. 2 was implemented in Matlab for a
planar object defined by 4 points in Cartesian space. Con-
sidering the visual servoing task configuration from Fig. 3, an
image-based fractional order controller was designed and the
conducted experiments revealed. The desired configuration
is illustrated with red squares and the initial configuration is
represented with blue circles, while the projection plane is
marked with yellow.

The following points value from Cartesian space were
considered:

X; =[0.25 —0.25 0.14] X, = [—0.25 0.23 0.14]

. (33)
X3 =[0.25 0.27 0.14] X4, = [-0.25 — 0.55 0.14]

Applying a perspective projection to the points from Carte-
sian space and using the initial and desired camera pose, the

Desired Configuration

Fig. 3. Task configuration of servoing system

following point features are obtained:

f1(0) = [-0.11 0.27)7; £5(0) = [-0.48 0.32]7;
f3(0) = [-0.29 0.46]"; £4(0) = [-0.16 0.01]7;
fr=1[022 —013"; f;=[-022 0297; G
fr=1[022 032" ff=[-022 —0.40;

Assuming that the VCMD model (12) was designed as a
diagonal matrix with equal value, k, = 160, the sampling
period 7" must be at least %. All the experimental results
from this paper were done considering 7" = 1s. The intrinsic
camera parameters p; = p, = 1000 were chosen.

The gain crossover frequency and the phase margin are
set as wey = 65rad/s, ¢, = 74°. Thus, the optimum
parameters for this servoing application of the image based
fractional order controller are tuned [16] with the following
values K, = 0.15, K5 = 0.056 and the fractional order
1 = 0.81. The integer order PD controller is obtained when
p = 1. The tuning parameters for the classical PD control
were set as K, = 0.17 and K; = 0.061.

The image plane feature points trajectory is depicted in
(Fig. 4(a), 4(b)). The performances of the classical PD
control and fractional PD* control is compared in Figs. 5
and 6 respectively. The camera velocity vectors are presented
in Fig. 5. As can be observed, a fast convergence is obtained
for the proposed image based fractional controller Figs. 5(a)
and 5(b), whereas a slowest one is for classical approach
Figs. 5(c) and 5(d). The number of iterations necessary

(@ (b)

Fig. 4. Image plane point features trajectory: (a) FO PD# controller; (b)
classical PD controller
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to fulfill the visual servoing task is higher when classical
controller is used than the number of iterations obtained
when fractional controller is considered.

Computing the area of the point features error (Fig. 6) for
the considered visual servoing application, the next values
were obtained 15.649 and 22.462 for the F'O P D* controller
and PD controller, respectively. The experimental results
show a smaller error when the fractional order approach is
used than the error obtained with the integer PD controller.
All the simulation results showed an improvement of the
servoing system performances when dealing with proposed
image based fractional order control law in comparison with
the classical one. This results will dictate the possibility of a
future implementation on a real servoing system and also,
due the property of image moment features, to design a
fractional order control law based on image moments.

Fig. 6. Point features error: (a) FO controller; (b) classical controller

V. CONCLUSIONS

In this paper a visual servoing architecture for controlling
an eye-in-hand 6 d.o.f. manipulator robot and a visual sensor
is presented. The proposed control architecture uses frac-
tional order approach and point features in order to design
an image based control law. To evaluate the performances
of the proposed fractional order controller, a simulator was
developed and different simulation tests were considered.
The best performances are obtained when the image based
fractional order control law is considered in comparison with
the classical one. As future work, the authors intend to apply
this control approach on real servoing systems.
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