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• We address the problem of visual control to solve the target tracking problem.
• We consider both the kinematic and dynamic models in the control system design.
• The design of the stable control system is based on its passivity properties.
• A robustness analysis and an L2-gain performance analysis are also presented.
• Simulations and experimental results are shown to verify the system’s performance.
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a b s t r a c t

This paper addresses the problem of visual dynamic control based on passivity to solve the target tracking
problem of mobile manipulators with eyes-in-hand configuration in the 3D-workspace. The redundancy
of the system is used for obstacles avoidance and singular configuration prevention through the system’s
manipulability control. The design of the stable control system is based on its passivity properties. A
robustness analysis and an L2-gain performance analysis are also presented. Finally, simulation and
experimental results are reported to verify the stability and L2-gain performance of the dynamic visual
feedback system.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Mobile manipulator is nowadays a widespread term that refers
to robots built by a robotic arm mounted on a mobile platform.
This kind of system, which is usually characterized by a high
degree of redundancy, combines the manipulability of a fixed-
base manipulator with the mobility of a wheeled platform, thus
allowing themost usual missions of robotic systemswhich require
both locomotion and manipulation abilities. They offer multiple
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applications in different industrial and productive areas such as
mining and construction or for people assistance [1,2].

Recently, some authors have proposed to integrate visual ser-
voing into mobile robots for grasping or manipulation tasks [3–6],
aswell as for solving vision based tracking problem [7–9], resulting
in vision-based autonomous mobile manipulation systems. Addi-
tionally, researchers proposed the using of a path-planning algo-
rithm along with a reactive visual servoing strategy. The planning
stage takes into account different critical constraints or system un-
certainties, obtaining a more robust visual based control system.
A comprehensive survey about mixing path-planning algorithms
with reactive visual servoing strategies can be found in [10].

Among the most relevant works, in [3] authors present a
framework of hand–eye relation for visual servoing with global
viewandmobility. Twomobilemanipulators are used: for themain
robot the camera architecture is an eye-to-hand configuration,
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and for the second robot it is selected as eye-in-hand. Ref. [4]
presents a robust vision-based mobile manipulation system for
wheeled mobile robots, addressing the retention of visual features
in the field of view of the camera. A hybrid controller for mobile
manipulation is developed to integrate the image based visual
servoing controller and the Q-learning controller through a rule-
based supervisor. In [7] it has developed an image-based visual
servo controller for non-holonomic mobile manipulators. Two
well-known methods of redundancy resolution for fixed-base
manipulators are extended for kinematics modeling of a specific
non-holonomic mobile manipulator. The proposed approach is
illustrated only through computer simulation.

Frequently, theoretical analysis about the stability of the servo
visual control system is based on Lyapunov theory [3,11]. An
alternative choice is a passivity-based analysis [12–14], which has
been typically used in the analysis of robotic manipulators control
systems [15–19]. A few recent works report control algorithms for
mobile robots based on passivity theory [20–22], for coordinate
multi-robots systems [23–25], and even the locomotion problem
of biped robots has been addressed using passivity theory [26].
Closer to our work, passivity properties have been also used in
order to design control systems for mobile manipulators [27,
28], and specifically in vision based tracking control for mobile
platforms [22]. However, from the best of our knowledge, vision
based stable controllers for mobile manipulators using passivity
properties have not been reported yet.

In this paper it is presented an image based visual servo
controller with dynamic compensation, designed for 3D target
tracking by mobile manipulators with eye-in-hand configuration.
The control system design as well as the stability proof and the
robustness analysis are based on its passivity properties and the
input–output systems theory. With this aim, it is considered a
robotic arm mounted on a non-holonomic mobile platform which
dynamic model [29] has reference velocities as input signals
as it is common in commercial robots. The redundancy of this
mobile manipulator is effectively used for the achievement of
two additional objectives: the capability to avoid obstacles in the
platform path and the prevention of singular configurations.

The design of the controller is based on two parts, each
one being a controller itself. The first one is a minimum norm
visual servo controller which avoids saturations of the velocity
commands. It is based on both themobile manipulator’s kinematic
model and the vision system model. The second one is a dynamic
compensation controller, which receives as inputs the velocity
references calculated by the kinematic controller. Based on the
passivity properties and the input–output systems theory, the
convergence to zero of the control errors is proved considering
perfect knowledge of the object’s velocity. Then, a robustness
analysis considering errors in the object velocity estimation is
performed, concluding that control errors are ultimately bounded.
Additionally, L2-gain performance is proved when the control
errors reach the final bound. To validate the proposed control
algorithms, experimental results are included and discussed.

The paper is arranged into six sections. Section 2 presents the
kinematic model of the camera-robot system and the dynamic
model of the robot. The problem formulation and the design of the
vision-based controller for the mobile manipulator are presented
in Section 3. A robustness analysis and L2-gain performance
analysis are presented in Section 4. The experimental results are
presented and discussed in Section 5. Finally, conclusions are given
in Section 6.

2. Systemmodels

2.1. Dynamic model of the mobile manipulator

The mathematical model that represents the dynamics of a
mobile manipulator considered in this work is derived from the
Fig. 1. Pinhole camera model.

onepresented in [30]. The only difference is the inclusion of PD-like
low level velocity controllers for the actuators. Thisway, a dynamic
model with velocity references as input is obtained [29],

M (q) v̇ + C (q, v) v + g (q) = vref (1)

where v is the vector of mobile manipulator velocities which con-
tains the linear and angular velocities of the mobile platform and
the joint velocities of the robotic arm, M (q) ∈ Rn×n is a posi-
tive definitematrix, C (q, v) v ∈ Rn, g (q) ∈ Rn, and vref ∈ Rn is the
vector of velocity input signals, whereas q =


q1 q2 · · · qm

T
=


qT
p qT

a

T
∈ Rm represents the generalized coordinates of the

mobile manipulator, where qp ∈ Rmp and qa ∈ Rma represent the
generalized coordinates of the mobile platform and for the robotic
arm, respectively. More details about the dynamic model (1) can
be found in [29].

2.2. Camera projection model

This work considers a vision camera located at the end-effector
of the robotic arm. The model used in this paper is the perspective
projection model (pinhole model), shown in Fig. 1.

Let fc be a focal length, wpi ∈ R3 and cpi =
cxi cyi czi

T
∈

R3 be the 3D position vectors of the target’s ith object point,
relative to Σo and Σc , respectively. Σo represents the world
framework and Σc is the camera framework.

The perspective projection of the ith object point onto the image
plane gives us the ith image feature vector ξi =


ui vi

T
∈ R2 as

ξi
cxi, cyi, czi


= −

fc
czi

cxi
cyi


. (2)

This work considers a moving target formed by two vertically
aligned spheres with known diameter D, and the image feature
vector is defined as ξ =


u1 v1 v2

T (Fig. 2). Then, the following
equation represents the vision system when the target object
moves with finite velocity wṗ,

ξ̇ = J

q, ξ, cz


v + Jo


q, ξ, cz


wṗ (3)

where v represents a vector containing the linear and angular
velocities of the mobile platform and the joints velocities of the
robotic arm; J and Jo represent the total Jacobian matrix and the
object Jacobian matrix. Note that J includes not only the kinematic
models of both the mobile platform (with its non-holonomic
constraint) and the robotic arm, but also the image Jacobian of the
vision camera.

It is important to remark that it is necessary to have additional
information about the target in order to calculate the Jacobian
matrices. This work considers the physical dimension D of the
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Fig. 2. Image features.
target (diameter of the spheres) as known for the calculus of czi.
For the sake of simplicity, from now onwewill use of the following
notation:

J = J

q, ξ, cz


, Jo = Jo


q, ξ, cz


and ṗ =

wṗ.

3. Passivity-based controllers design

This section presents the design of a visual controller to make
a mobile manipulator capable to track a moving object on the 3D
space,making the image features error ξ̃(t) = ξ(t)−ξd converge to
zero. This way, the control objective is formally defined as follows,

lim
t→∞

ξ̃ (t) = 0.

First, a minimum norm kinematics-based controller is designed
and the convergence to zero of the image features error is proved
considering perfect velocity tracking and perfect knowledge about
the velocity of the moving object. Then, a more realistic situation
is consideredwhen a velocity error appears, and a dynamics-based
controller is designed to verify the convergence to zero of the
image features error under this condition.

In order to cope with the above mentioned control objectives,
it is proposed a novel control algorithm and it is shown how the
passivity properties of the control system described in Fig. 3 allow
proving the asymptotic convergence of the feature errors to zero.

3.1. Passivity property of the vision system

First the passivity property of the vision system will be proved
for a moving object, i.e., ṗ ≠ 0. Taking the energy function Vξ =
1
2ξ

T ξ, its time derivative is,

V̇ξ =
1
2
ξT ξ̇ = ξT (Jv + Joṗ) (4)

and integrating on the interval [0, T ] the following expression is
obtained, T

0
V̇ξdt =

 T

0
ξT (Jv + Joṗ) dt. (5)

Now, consider J# = W−1JT

JW−1JT

−1 the right pseudo-inverse
matrix of J, with W a positive definite matrix, and assume that
matrix J is outside the singularity points. Then, (5) can be rewritten
as, T

0
ξT (Jv + Joṗ) dt =

 T

0


JTξ

T 
v + J#Joṗ


dt

= Vξ (T ) − Vξ (0) ≥ −Vξ (0) . (6)
Hence, it can be concluded that the mapping

v + J#Joṗ


→

JT ξ

is passive [12]. This mapping represents the vision system

considering as parts of the system input both the robot velocities
v and the target velocity ṗ, and the features vector as the system
output.

3.2. Kinematic controller design

Considering now the image features error ξ̃(t) = ξ(t) − ξd
instead of the image features ξ(t) in order to take into account
the regulation problem on the image plane, the passivity property
of the vision system holds. Notice that a regulation problem in
the image plane, considering a moving target, implies a tracking
problem in the 3D workspace. This passivity property is proved by
considering the following positive definite function,

V1 =

 ξ̃

0
ηTKc (η) dη (7)

and its time derivative on the trajectories of the system,

V̇1 = ξ̃
T
Kc


ξ̃


ξ̇ = ξ̃
T
Kc


ξ̃

[Jv + Joṗ] (8)

where Kc


ξ̃


= diag


ki
1+|ξ̃i|


∈ Rr×r is a symmetric and positive

definite gain matrix with ki > 0, and i = 1, 2, . . . , r . It is said that
Kc


ξ̃


∈ Rr×r when considering a general case where ξ ∈ Rr .
Integrating V1 on the interval [0, T ] it is obtained, T

0
V̇1dt =

 T

0
ξ̃
T
Kc


ξ̃

[Jv + Joṗ] dt = V1 (T ) − V1 (0) T

0
νT

ξ̃


v + J#Joṗ


dt ≥ −V1 (0)

(9)

where νξ̃ = JTKc


ξ̃


ξ̃. Thus, it can be concluded that mapping
v + J#Joṗ


→ νξ̃ is passive.

Now, the following control law is proposed for 3D target
tracking on the work space by a mobile manipulator system with
eye-in-hand configuration, based on the error on the image plane
and the mobile manipulator’s redundancy

u = −νξ̃ − J#Joṗ +

I − J#J


k1 tanh (k23) (10)

where u =

uc ωc θ̇1c θ̇2c · · · θ̇mac

T is the kinematic
control vector for the mobile manipulator. The third term in (10)
defines self-motion of themobile manipulator in which thematrix
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Fig. 3. Dynamic visual control for 3D target tracking of mobile manipulators.
Fig. 4. Kinematic control system block diagram.

I − J#J


projects the arbitrary vector 3 onto the null space of

the Jacobian matrix J, where k1Rn×n and k2 ∈ Rn×n are positive
definite diagonal gain matrices, and 3 is an arbitrary vector which
contains the velocities associated to the mobile manipulator.
Therefore, any value given to 3 will have effects only on the
internal structure of the mobile manipulator, and will not affect
the final control of the end-effector at all. By using this term,
different secondary control objectives can be achieved effectively,
as described in the next subsection.

In order to include an analytical saturation of velocities in the
mobile manipulator system, both the gain matrix Kc


ξ̃

and the

tanh (·) function are used. The first saturation function limits the
image feature error ξ̃ and the second one limits the magnitude
of the arbitrary vector 3. The expression tanh (k23) denotes a
component by component operation.

The behavior of the control error ξ̃ is analyzed assuming – by
now – perfect velocity tracking, i.e. v ≡ u. With this aim, it is
necessary to establish the passivity property for the remaining part
of the control system; this is done by considering the following
inner product [12], T

0
νT

ξ̃


v + J#Joṗ


dt =

 T

0
νT

ξ̃


u + J#Joṗ


dt

=

 T

0
νT

ξ̃


−νξ̃ − J#Joṗ +


I − J#J


k1 tanh (k23) + J#Joṗ


dt

= −

 T

0
νT

ξ̃
νξ̃dt +

 T

0
νT

ξ̃


I − J#J


k1 tanh (k23) dt. (11)

Replacing νξ̃ = JTKc


ξ̃


ξ̃ in the above equation it is obtained

 T

0
νT

ξ̃


v + J#Joṗ


dt = −

 T

0
νT

ξ̃
νξ̃dt (12)
since J

I − J#J


= 0. Therefore, for any β1 ≥ 0 it holds,

−

 T

0
νT

ξ̃


v + J#Joṗ


dt ≥ −β1 +

 T

0

νξ̃

2
dt. (13)

Thus, it can now be concluded thatmapping

−νξ̃


→


v + J#Joṗ


is strictly input passive [14]. Thisway, the proposed control system
is made up by the interconnection of passive systems, as Fig. 4
shows.

By adding the equations related to the passivity properties of
the interconnected system: (9) and (13), it is obtained

0 ≥ −V1 (0) − β1 +

 T

0

νξ̃

2
dt ⇒

 T

0

νξ̃

2
dt ≤ β (14)

with β = V1 (0) + β1. From (14) it can be concluded that νξ̃ ∈ L2.

Furthermore, because of the definition ofKc


ξ̃

and assuming that

thematrix J is bounded away fromany singularity, it can be verified
that νξ̃ ∈ L∞.

On the other hand, it can also be verified that,

ν̇ξ̃ = J̇TKc


ξ̃


ξ̃ + JT K̇c


ξ̃


ξ̃ + JTKc


ξ̃


ξ̇ (15)

remains bounded since, u ∈ L∞ (considering that ṗ ∈ L∞), which
implies that v ∈ L∞ because of the assumption of perfect velocity
tracking, then from image features model (13) it is obvious that
ξ̇ ∈ L∞. Therefore, since νξ̃ ∈ L2 ∩ L∞ and ν̇ξ̃ ∈ L∞ it can be
concluded by Barbalat’s lemma that νξ̃ → 0 with t → ∞, which
also implies that,

ξ̃ (t) → 0 with t → ∞.

It is important to note that the controller design has been
made under the assumption of non-singular Jacobianmatrix. If this
Jacobian matrix becomes singular then it will not be possible to
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Fig. 5. Dynamic control system block diagram.
calculate the control action (10), losing the control of the robotic
system. Therefore, in the next subsection, it will be explained how
the redundancy of the mobile manipulator can be used in order to
reduce the possibility of attaining a singular configuration.

3.3. Secondary control objectives

The redundancy of mobile manipulators can be effectively used
for the achievement of additional performances such as: avoiding
obstacles in the workspace, avoiding singular configuration,
keeping image features in the field of view, or to optimize
various performance criteria. In this work two different secondary
objectives are considered: the avoidance of obstacles by themobile
platform and the singular configuration prevention through the
system’s manipulability control [31]. To this aim, a convenient
definition for the vector 3 is used [29],

3 =


−uobs ωobs f1


θ̃1


· · · fna


θ̃na

T
. (16)

First and second elements of vector 3 represent the linear and
angular velocities for the mobile platform. These velocities make
the robot capable to avoid obstacles in which maximum height
does not interfere with the robotic arm. Therefore the arm can
track the object while the mobile platform avoids the obstacle by
resourcing to the null space configuration. The angular velocity
and the linear velocity of the mobile platform will be affected by a
fictitious repulsion force [29]. This force depends on the incidence
angle on the obstacle α, and the distance d to the obstacle. This
way, the following control velocities are used [29]:

uobs = Z−1

kuobs (d0 − d)

π

2
− |α|


(17)

ωobs = Z−1

kωobs (d0 − d) sign (α)

π

2
− |α|


(18)

where d is the distance between the robot and the obstacle, d0 is
the distance at which the obstacle starts to be avoided, kuobs and
kωobs are positive gains, Z represents the mechanical impedance
characterizing the robot-environment interaction, and α is the
incidence angle on the obstacle.

The rest of the elements of vector 3 represent joint velocities
for the robotic arm calculated as functions of joint displacement
errors,

fi

θ̃i


= kΛi


θ̃i


with i = 1, . . . ,ma (19)

where θ̃i = θid−θi; kΛi > 0. Thisway, the robotic arm jointswill be
pulled to the desired θid values thatmaximize themanipulability of
the mobile manipulator [31]. This way, if the mobile manipulator
maintains a high manipulability while performing its movements,
then the possibility of attaining a singular configuration is reduced.
3.4. Dynamic compensation controller design

The proposed kinematic controller presented in Section 3.2 as-
sumes perfect velocity tracking, i.e. v ≡ u. Nevertheless, this is not
true in real contexts, mainly because of the dynamical effects that
could not be disregarded when high-speed movements or heavy
load transportation are required. Therefore, it becomes essential in
some tasks to consider the mobile manipulator dynamics, in addi-
tion to its kinematics. Then, the objective of the dynamic compen-
sation controller is to compensate for the dynamics of the mobile
manipulator robot, thus reducing the error between the desired ve-
locity and the actual velocity of the robot. This controller receives
as inputs the desired velocities calculated by the kinematic con-
troller, and generates velocity references for the mobile manipula-
tor robot, see (Fig. 5). Hence, relaxing the perfect velocity tracking
assumption, the velocity error is defined as, ṽ (t) = v (t) − u (t).
This velocity error motivates the dynamic compensation process.
Therefore the following control law is proposed,

vref = M (q)

u̇ − KDṽ


+ C (q, v) v + g (q) (20)

where KD is a symmetric and positive definite matrix, and

vref =

uref ωref θ̇1ref θ̇2ref · · · θ̇maref

T
.

In order to obtain the closed-loop equation, (20) is replaced in
the robot dynamics (1),

0 = ˙̃v + KDṽ. (21)

Now, it is important to prove some properties of the velocity error
signal ṽ in order to prove again the asymptotic convergence to zero
of the features error. With this aim, a positive definite function
is considered: V2


ṽ


=
1
2 ṽ

T ṽ. Then, replacing (21) into the time
derivative of V2, it is obtained,

V̇2

ṽ


= −ṽTKDṽ < 0. (22)

Thus, since V̇2 is negative definite, it can now be concluded that the
velocity error ṽ ∈ L∞ and consequently v ∈ L∞ since also u ∈ L∞.

Now, integrating V̇2 on the interval [0, T ] it is obtained, T

0
V̇2dt =

 T

0
−ṽTKDṽdt = V2 (T ) − V2 (0)

−

 T

0
ṽTKDṽdt ≥ −V2 (0) . (23)

Or equivalently, T

0
ṽTKDṽdt ≤ V2 (0) ⇒

 T

0

ṽ2 dt ≤
V2 (0)

λmin (KD)
(24)



V.H. Andaluz et al. / Robotics and Autonomous Systems 66 (2015) 64–74 69
being λmin (KD) the minimum eigen value of KD. Eq. (24) implies
that ṽ ∈ L2.

Since a more realistic situation is now considered, in which the
robot does not reach instantaneously the desired velocities, i.e.,
v (t) = ṽ (t) + u (t), inner product (11) should be written as, T

0
νT

ξ̃


v + J#Joṗ


dt =

 T

0
νT

ξ̃


u + ṽ + J#Joṗ


dt

=

 T

0
νT

ξ̃


−νξ̃ + ṽ


dt

= −

 T

0
νT

ξ̃
νξ̃dt +

 T

0
νT

ξ̃
ṽdt. (25)

Therefore,

−

 T

0
νT

ξ̃


v + J#Joṗ


dt =

 T

0
νT

ξ̃
νξ̃dt −

 T

0
νT

ξ̃
ṽdt. (26)

By adding previous Eq. (26) with the passivity property of the
vision system (9) the following inequality can now be obtained,

0 ≥ −V1 (0) +

 T

0

νξ̃

2
dt −

 T

0
νT

ξ̃
ṽdt T

0

νξ̃

2
dt ≤ V1 (0) +

 T

0
νT

ξ̃
ṽdt.

(27)

In addition, Schwartz inequality states that T

0
νT

ξ̃
ṽdt ≤

νξ̃


2,T

ṽ2,T . (28)

The above equation can be used to reinforce (27) thus obtaining, T

0

νξ̃

2
dt ≤ V1 (0) +

νξ̃


2,T

ṽ2,T . (29)

Hence, recalling that (24) implies that ṽ ∈ L2, it can be concluded
from (29) and the definition of νξ̃ that νξ̃ ∈ L2 ∩ L∞. With v ∈

L∞, even when the hypothesis of perfect velocity tracking is not
considered, ν̇ξ̃ ∈ L∞ can be proved again. Therefore, since νξ̃ ∈

L2 ∩ L∞ and ν̇ξ̃ ∈ L∞, by Barbalat’s Lemma, νξ̃ → 0 with t → ∞

which implies that,

ξ̃ (t) → 0 with t → ∞.

4. Robustness and L2-gain performance analysis

The proposed controller presented in previous section consid-
ers that the velocity of the object to be followed ṗ is exactly known.
Nevertheless, this is not always possible in real context. In practice
this velocity will be estimated by using the visual position sensing
of the object through, for instance, an α − β filter [32,33]. The es-
timation of the object velocity immediately raises the problem of
analyzing the effect of the estimation error on the control errors.
In this analysis, the L2-gain performance criterion will be used.

It is defined the estimation velocity errors of the object,

˜̇p = ṗ − ˆ̇p (30)

where ṗ and ˆ̇p are the real and estimated velocities of the object,
respectively. Furthermore, it is assumed that γ = Jo


ṗ − ˆ̇p


is

bounded and,

∥γ ∥∞ = sup
t∈[t1,T ]

∥γ (t)∥ < λ′kmin (31)

with kmin = min {ki}, λ′
= ελ, being λ = infq,ξ


λmin


JJT


and

0 < ε < 1.
First, the following positive definite function is considered,

V1 =

 ξ̃

0
ηTKc (η) dη (32)

and its time derivative on the trajectories of the system is,

V̇1 = ξ̃
T
Kc


ξ̃


ξ̇ = ξ̃
T
Kc


ξ̃

[Jv + Joṗ] . (33)

Consider now the object velocity estimation ˆ̇p in the expression for
the control action,

u = −νξ̃ − J#Jo ˆ̇p +

I − J#J


k1 tanh (k23) (34)

and assuming perfect velocity tracking, i.e., v ≡ u, the following
equation is obtained after introducing (34) into (33),

V̇1 = ξ̃
T
Kc


ξ̃


×


J

−νξ̃ − J#Jo ˆ̇p +


I − J#J


k1 tanh (k23)


+ Joṗ


. (35)

After some manipulations and recalling that J

I − J#J


= 0 be-

cause of J# definition, the following expression is obtained,

V̇1 = −ξ̃
T
Kc


ξ̃

JJTKc


ξ̃


ξ̃ + ξ̃
T
Kc


ξ̃

Jo ˙̃p

V̇1 ≤ −λ

ξ̃
T
Kc


ξ̃
2

+

ξ̃
T
Kc


ξ̃
 ∥γ (t)∥ .

(36)

Eq. (36) implies that a sufficient condition for V̇1 to be negative
definite is,

λ

ξ̃
T
Kc


ξ̃
2

>

ξ̃
T
Kc


ξ̃
 ∥γ (t)∥ . (37)

Therefore, the signal

ξ̃
T
Kc


ξ̃


is ultimately bounded, i.e., for a
finite t1,ξ̃

T
Kc


ξ̃
 ≤

∥γ ∥∞

λ′
. (38)

After t1 and recalling assumption (31), inequality (38) can be
reinforced as,

kmin

1 +

ξ̃ (t)


ξ̃ (t)
 ≤

∥γ ∥∞

λ′

ξ̃ (t)
 ≤

∥γ ∥∞

λ′kmin − ∥γ ∥∞

.

(39)

The above equation shows that given a higher bound for
ξ̃
T
Kc


ξ̃


, a higher bound for ξ̃ (t) also exists. These bounds (38)
and (39) can be used for reinforcing inequality (36) as follows,

V̇1 ≤ −λ′


λ′kmin − ∥γ ∥∞

λ′

2 ξ̃ (t)
2

+
∥γ (t)∥2

λ′
. (40)

Integrating (40) on the interval [t1, T ],

V1 (T ) − V1 (t1) ≤ −


λ′kmin − ∥γ ∥∞

2
λ′

 T

t1

ξ̃ (t)
2

dt

+
1
λ′

 T

t1

∥γ (t)∥2 dt

−V1 (t1) ≤ −


λ′kmin − ∥γ ∥∞

2
λ′

 T

t1

ξ̃ (t)
2

dt

+
1
λ′

 T

t1

∥γ (t)∥2 dt

(41)
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Fig. 6. Experimental setup.
and reorganizing (41), the following equation is obtained, T

t1

ξ̃ (t)
2

dt ≤ ς2
 T

t1

∥γ (t)∥2 dt + ζ (42)

with ς =
1

λ′kmin−∥γ ∥∞
, and ζ = λ′ς2V1 (t1).

Eq. (39) shows that visual control errors will be finally bounded
when errors in the object velocity estimation are considered. Even
more, an important conclusion can be obtained from (42): After
a finite time t1, the designed control system has finite L2-gain ≤

ς from the disturbance to the control errors, hence it will be
robust in the sense of L2 performance criterion [14,17,19,22] when
considering γ as an external disturbance of the control system. In
this context, parameter ς can be considered as an indicator of the
control system performance in presence of estimation errors.

Note that same conclusion can be obtained when considering
the dynamic compensation controller. In this case, the velocity
error ṽ should be included as part of the external disturbance γ .

5. Experimental results

In order to evaluate the performance of the proposed controller,
several experiments were carried out using the proposed visual
control for 3D target tracking by a mobile manipulator. The 6
DOF experimental system used in the experiments is shown in
Fig. 6, which is composed of a non-holonomic mobile platform
PIONEER 3AT, a laser rangefinder mounted on it, a robotic arm
CYTON Alpha 7 DOFs (only 3 DOF of the 7 available DOFs are used
in the experiment), and a JMKMini CMOS Camera (model: JK-805)
with 1/3′′ Video Sensor, resolution: 628 × 582 pixels. The laser
range finder is used only for the obstacles detection. The target to
be tracked is mounted on another mobile platform PIONEER 3DX
as Fig. 6 shows.

The positions of the arm joints that maximize the arm’s ma-
nipulability are obtained off-line through numeric simulation. This
way, the desired joint angles are: θ1d = 0 rad, θ2d = 0.6065 rad,
and θ3d = 1.2346 rad. For all the experiments the initial robot
configuration is q =


0 m 0 m 0 rad 0 rad 0 rad 0 rad

T .
Finally, gain matrices of the controller are set as: kΛi = 1;
kuobs = 0.5; kωobs = 0.9; KD = diag


0.3 0.3


; k1 = diag

0.7 1 0.1 0.1 0.1

; k2 = diag


0.2 0.2 0.2 0.2 0.2


and ki =

0.15. Note that dynamic compensation is performed for the mo-
bile platform only since, in used lab equipment, it represents the
most significant dynamics of the whole mobile manipulator sys-
tem. Additionally, the joints information needed for the manipula-
bility secondary objective is obtained from the inner sensors of the
robotic arm.
Experiment 1: In the first experiment the target moves along a
straight path for about 20 s and then it stops abruptly. The purpose
of this experiment is to evaluate the performance of the proposed
Fig. 7. Time evolution of control errors ξ̃(t).

Fig. 8. Velocities commands to the mobile platform.

control system with large errors in the target velocity estimation.
Initial image feature vector is ξ (0) =


−150 20 −100

T ex-
pressed in pixels and the desired features vector is set as ξd =
0 60 −60

T . Figs. 7–10 show the results of the first exper-
iment. Fig. 7 shows that the control errors ξ̃ (t) are ultimately
bounded with final values close to zero, i.e., achieving final feature
errorsmax

ξ̃i < 8 pixels. Figs. 8 and 9 show the control actions
of themobilemanipulator;while Fig. 10 represents the normof the
estimated object’s velocity. Notice that evenwith large velocity es-
timation errors, like the errorswhich appear at the beginning of the
experiment, the control errors remain bounded.
Experiment 2: In this experiment, a more complex scenario
is adopted. The target moves along a non-straight path and a
static obstacle should be avoided by the robot. Also the singular
configuration prevention through the system’s manipulability
control is considered. It is assumed that the obstacle is placed
up to a maximum height that it does not interfere with the
vision camera, so that the end-effector can follow the target object
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Fig. 9. Joint velocity commands to the robotic arm.

Fig. 10. Norm of the estimated object’s velocity.

Fig. 11. Time evolution of control errors ξ̃(t).

even when the platform is avoiding the obstacle. Hence, the task
is divided into two different control objectives, i.e., a principal
objective: moving target object tracking; and secondary objectives,
achieved by taking advantage of the redundancy of the mobile
manipulator as explained in Section 3.3. Initial image feature
vector is ξ (0) =


−150 0 −115

T expressed in pixels and the

desired features vector is set as ξd =

0 60 −60

T . Figs. 11–14
show the results of the experiment. Fig. 11 shows the evolution of
the image control errors. Figs. 12 and 13 show the control actions
applied for the platform and for the robotic arm respectively.
Finally, Fig. 14 shows the stroboscopic movement on the X–Y–Z
space, it is based on the experimental data. In Figs. 11–13 (for
17 s < t < 32 s approximately) it can be observed the actions
taken by the controller in order to avoid the obstaclewhile tracking
the target. The obstacle avoidance can also be seen in Fig. 14 at
instant 3. Note that after avoiding the obstacle, the robotic arm
returns to its maximum manipulability configuration according
to this specific secondary objective. In Fig. 11 it can be observed
that the control errors remain bounded even when the obstacle is
Fig. 12. Velocities commands to the mobile platform.

Fig. 13. Joint velocity commands to the robotic arm.

Fig. 14. Movement of themobile manipulator based on the experimental data. The
position of themobilemanipulator and the position of the target at the same instant
are shown. Seven different time instants are depicted.

avoided and in spite of the errors in the estimation of the target
velocity. The good performance of the proposed controller can be
concluded from the obtained results.
Experiment 3: In the third experiment the target moves along a
straight path, as in experiment 1, with constant linear velocity and
then it stops. The purpose of this experiment is to evaluate the
performance of the proposed control system under the presence
of uncertainties in the kinematic model of the robotic system.
With this aim, errors of 20% in kinematic model have been intro-
duced. Initial image feature vector is ξ (0) =


−212 11 −137

T
expressed in pixels and the desired features vector is set as
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Fig. 15. Movement of themobile manipulator based on the experimental data. The
position of themobilemanipulator and the position of the target at the same instant
are shown. Five different time instants are depicted.

Fig. 16. Time evolution of control error ξ̃ (t).

Fig. 17. Velocity commands to the mobile platform.

Fig. 18. Velocity commands to the mobile platform.

ξd =

0 50 −50

T . Results obtained in this experiment are
shown in Figs. 15–19. In Figs. 18 and 19 (18 s < t < 30 s approxi-
mately) it can be observed that the end-effector tracks the mov-
ing target object while avoiding the obstacle. Fig. 15 shows the
reconstruction of the stroboscopicmovement on the X–Y–Z space.
Fig. 16 shows that the control errors ξ̃ (t) remain bounded even
with the errors introduced in the kinematic model. It can be seen
in Fig. 16 how the performance of the control system is deterio-
rated with respect to the others experiments but still having an
Fig. 19. Joint velocity commands to the robotic arm.

Fig. 20. Movement of the mobile manipulator. The position of the mobile
manipulator and the position of the target at the same instant are shown. Five
different time instants are depicted.

acceptable performance. Figs. 17–19 show the control actions of
the mobile manipulator.
Experiment 4: This experiment is a simulation result carried out
in order to evaluate the system performance when the target
performs a movement in the 3D space. That is, it does not only
describe a trajectory only in the X–Y plane but it also changes
its z-coordinate. Simulation has been performed including the
dynamical model of the mobile manipulator and considering
perfect knowledge of the object’s velocity and perfect knowledge
of the system’s dynamic and kinematic models. In this simulation,
ξ (0) =


212 −50 −120

T and ξd =

0 50 −50

T . Obtai-
ned results are shown in Figs. 20–23. Fig. 20 shows the stroboscopic
movement on the X–Y plane, the X–Z plane as well as on the
X–Y–Z space. Fig. 21 shows the time evolution of the features error,
where it can be seen that they converge to zero asymptotically
when the target describes its movement in the 3D space. Figs. 22
and 23 show the control actions applied for the platform and for
the robotic arm respectively.
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Fig. 21. Time evolution of control error ξ̃ (t).

Fig. 22. Velocities commands to the mobile platform.

Fig. 23. Joint velocity commands to the robotic arm.

6. Conclusions

In this paper, a 3D passivity-based visual controller for mobile
manipulator with eye-in-hand configuration was presented. Also,
it has been considered the redundancy of the mobile manipulator
system to comply with the objectives of obstacle avoidance by
the mobile platform and the singular configuration prevention
through the system’s manipulability control. The design of
the whole controller was based on two cascaded subsystems.
First, a kinematics-based controller has been proposed and the
asymptotical convergence to zero of the control errors has been
proved assuming perfect velocity tracking. Then, a more realistic
situation when a joint velocity error appears has been considered
and a dynamics-based velocity controller has been designed to
prove again the convergence to zero of the image features error
under this condition. The dynamics based controller receives
the velocity references values from the kinematics-based one.
The stability proof of the proposed system is based on its
passivity properties and the input–output systems theory. Finally,
estimation errors on the object velocity have been considered on
a robustness analysis concluding that control errors are ultimately
bounded in presence of these estimation errors. Even more, it has
been proved that the proposed system has L2-gain after a finite
time when the object velocity estimation error is considered as an
external disturbance of the system. Therefore, after a finite time,
the system will be robust to these errors following the L2-gain
performance criterion. The performance of the proposed controller
is shown through both simulations and real experiments.
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