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A new approach to control an omnidirectional mobile manipulator is developed. The robot is considered to be an individual
agent aimed at performing robotic tasks described in terms of a displacement and a force interaction with the environment.
A reactive architecture and impedance control are used to ensure reliable task execution in response to environment stimuli.
The mechanical structure of our holonomic mobile manipulator is built of two joint manipulators mounted on a holonomic
vehicle. The vehicle is equipped with three driven axles with two spherical orthogonal wheels. Taking into account the
dynamical interaction between the base and the manipulator, one can define the dynamics of the mobile manipulator and
design a nonlinear controller using the input-state linearization method. The control structure of the robot is built in order
to demonstrate the main capabilities regarding navigation and obstacle avoidance. Several simulations were conducted to

prove the effectiveness of this approach.
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1. Introduction

To date, there have been a lot of research efforts regarding
developing mobile mechanisms, which can be categorized
into three types: vehicles equipped with wheels similar
to general (automobile-type) vehicles, with two parallel
wheels and one caster wheel, and the ones with omni-
directional wheels (Campion et al., 1996). Automobile-
type vehicles cannot perform rotation or side-translational
motion in a narrow space; vehicles with two parallel
wheels and one caster mechanism cannot perform side-
translational motion either.

The omni-directional mobile robot is a kind of holo-
nomic robot. Compared with the more common car like
(nonholonomical) mobile robot, the omni-directional one
has the ability to move simultaneously and independently
in translation and rotation (Pin and Killough, 1994). Most
of the work on motion control of omnidirectional mobile
robots is based mainly on the kinematic model. This is
equivalent to assuming that robots are massless bodies and
therefore can ideally respond to the input motion control
commands, which indeed does not reflect the real situ-
ation especially for heavy and fast moving robots. For

this reason, efforts have been made to develop precise dy-
namic models to improve robot performance (Williams
et al., 2002; Watanabe et al., 1998).

One of the main problems in robotic research is
to provide efficient control algorithms in order to allow
robots to execute desired tasks. These tasks are various
and require great mobility and dexterity of the robotic
system. A mobile manipulator is generally one of the
structures aimed at these applications. It is basically a
robotic arm mounted on a moving base and can be used
to perform a variety of tasks that are mostly related to
material handling application. The capability of mobile
manipulation is important for some autonomous mobile
robot applications, which need to interact with the en-
vironment dynamically. These applications require both
a large workspace and a dexterous manipulation capa-
bility. Application examples in servicing robotics in-
clude the ARMAR robot (Albers et al., 2006), ROBO-
NAUT (Ambrose et al., 2004), HERMES (Bischoff and
Graefe, 2004), HADALY-2 (Hashimoto, 2002), the mo-
bile robot HELPER (Kosuge er al., 2000) or SAIKA
(Konno et al., 1997), etc. The mobility of the mobile
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platform substantially increases the performance capa-
bilities of the system. For example, the platform in-
creases the size of the manipulator workspace and en-
ables the manipulator to position the end-effector for exe-
cuting the task efficiently. Because of the kinematic re-
dundancy and mobility, the functionality of the mobile
manipulator is increased to a greater extent (Abdessemed
et al., 2006; Bayle, 2001; Yamamoto, 1994).

Mobile manipulators are often equipped with wheels.
The arrangement of the wheels and their actuation device
determine the holonomic or nonholonomic nature of its
locomotion system (Campion et al., 1996), whereas some
wheeled mobile manipulators built of an omnidirectional
platform are holonomic (Khatib et al., 1996). While the
mobile manipulator provides numerous advantages com-
pared with the fixed base manipulator, path planning and
control of such a system are challenging problems. First,
there is the problem of redundancy and coordination.
However, coordination can be performed by using kine-
matic or dynamic models. The dynamic model of a mo-
bile manipulator is complex and there is a high degree of
coupling between the platform and the arm. The dynamics
of the mobile platform and the manipulator arm are quite
different. The base is heavy and has slow dynamics. The
arm is relatively light and has fast dynamics. Such a sys-
tem can provide precise motion of the arm for local opera-
tion and retain the versatility and workspace of the mobile
platform. In this paper, our mobile manipulator is holo-
nomic. It is built of a two degree manipulator mounted
on a holonomic structure equipped with three motorized
axles with two spherical orthogonal wheels (Mourioux
et al., 2006; Poisson et al., 2001). In this work we aim
to control the whole dynamics of such a structure in terms
of state space feedback.

Feedback linearization methods can be viewed as
ways of algebraically transforming a fully or partially
nonlinear dynamic system into a simple linear one. In
the standard approach to exact input-state linearization,
one uses coordinate transformation and static state feed-
back such that the closed-loop system, in the defined re-
gion, takes a linear canonical form. After the system’s lin-
earized form is obtained, the linear control design scheme
is employed to achieve stabilization or tracking of a de-
sired trajectory (Isidori, 1995; Slotine and Li, 1991). This
scheme is used in local coordinate linearization with an
outer loop aimed at avoiding collisions with obstacles. A
sensorial system should detect an obstacle and measure its
distance to calculate a control action to change the mobile
robot trajectory, thus avoiding any obstacles. Most works
in this area consider motion control of a mobile robot
while avoiding obstacles (Carelli et al., 1999; Borenstein
and Koren, 1991; Khatib, 1986; Hogan, 1985). In order
to unify our approach, we propose to use the impedance
control during obstacle avoidance. The control architec-
ture combines two loops: a motion control loop and a sec-

ond external impedance control loop. The latter provides a
modification of the trajectory of the mobile platform when
an obstacle appears on the trajectory of the mobile ma-
nipulator. The main contributions of this paper include:
the proposal of a new architecture of the robot, designing
a control structure for obstacle avoidance, and determin-
ing the corresponding impedance parameters using fuzzy
logic.

The paper is organized in as follows. Section
is aimed to present the robot architecture. Sections [3]
and [ present the kinematic and dynamic models of the
robot manipulator and the omnidirectional mobile plat-
form. The model of the omnidirectional mobile manipu-
lator is developed in Section[3l In Section[@] a local coor-
dinates linearization controller for the mobile manipulator
is developed. The concept of virtual impedance control
is presented in Section[Zl In Section [8] simulation tests
are presented to show the performance of the control al-
gorithms. Section 9] concludes the paper.

2. Robot structure and architecture

We consider a mobile manipulator depicted in Fig. Bl Tt
consists of an omnidirectional mobile platform (Figs. [l
and M) and a two-link manipulator (Fig. ). The plat-
form moves by driving the three wheels. This mechan-
ical structure is monitored by using a design of a dis-
tributed multi-tasking environment. This environment
offers multi-thread programming capabilities and inter-
process communication message protocols. The design
of the mobile manipulator structure must integrate multi-
ple capabilities such as navigation, manipulation and in-
teraction with the environment. The mobile manipulator
has to avoid static/dynamic obstacles as well as collabo-
rate with other robots or humans. Such behaviors have
to be organized in order to achieve a variety of tasks. The
multi-agent structure offers the appropriate approach. The
robot is autonomous and can communicate with the oth-
ers in order to synchronize its response according to the
required task. In our approach the mobile manipulator
represents an agent (Djebrani et al., 2010a; Djebrani and
Abdessemed, 2009). Its structure is organized as in Fig.[Il

The robot structure is composed mainly of the fol-
lowing modules:

e Control mode manager. This module ensures the
management of the control law selection. Thus, we
defined the generic organization of a multiple layer
structure. Each layer provides a specific controller.
By means of this module the robot can select dif-
ferent strategies (free navigation, obstacle avoidance,
etc.) or alternate the roles when cooperating with
other robots.

e Communication module. The objective of this
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Fig. 1. Robot architecture.

module is twofold: it permits to communicate with
other agents and gives the human operator all the in-
formation needed to monitor the state of the robot.

e Sensors module. This module senses the robot and
the environment. It collects all data exchanges with
the robot state module. In our application we con-
sidered ultrasonic sensors implemented as shown in
Fig.16l Ultrasonic sensors are arranged in front of the
robot and two adjacent sensors are at a distance of
45 degrees from each other. The maximum range of
each sensor slightly exceeds 3 m. At a fixed sampling
time the module measures and transmits the neces-
sary information about position, velocity, etc. to the
robot state module.

e Adaptive fuzzy controller. This module is aimed to
tune the parameters of the impedance used to control
the robot displacement. This module is summarized
in Section[7]

e Watchdog module. To ensure the safety of the robot,
this module detects all the communication errors dur-
ing the robotics tasks.

e Robot state module. This module includes all infor-
mation from the sensors module and the communica-
tion manager module. It manages data collection and
its storage in the controller memory.

e Actuators controller module. This module takes
care of sending to the actuators the current desired
velocities. It provides low-level control of the robot
depending on the chosen mode designated by the
control mode manager module.

All the described modules are used to control the robot’s
behavior. In the next section we shall present robot mod-
elling in order to develop the control law implementation
used in the control mode manager.

Fig. 2. Two-link revolute arm.

3. Robot manipulator modelling

A robotic manipulator with n,. degrees of freedom joints
can be modeled as a set of rigid bodies connected in a
series with one end fixed to the ground and the other end
free (Sciavicco and Siciliano, 2000; Spong et al., 1989;
Khalil and Kleinfinger, 1986). The bodies are actuated
with revolute or prismatic joints. A two-link planar RR
robot arm is shown in Fig.[2l The robot arm is restricted to
move in the plane. The robotic arm configuration is given
by the rotational angles g,,, and ¢,,. Let us define the robot
joint vector ¢, = [g,, qr,]T of dimension n,, = 2, and let
us define the end-effector location by the planar position
of O, in R,,: & = [2,,y,]T of dimension m,. = 2. The
robotic arm KM (Kinematic Model) is

{ T, =l cos (qu) + I cos (qu + Q7’2)a )

Yr = lisin(gr, ) + lasin (gr, + qr,)-

The dynamic equation of the manipulator using the La-
grange formalism is given by

Mr(Qr)wr + Cm ((Ira Wr)wr = Tr, (2)

where the n,. X n, “inertia matrix” M,.(¢,.) is symmetric
and positive definite for each ¢, € R"", C,., (g, w, ) is the
Coriolis/centrifugal matrix. The inputs 7., to the system
are the torques applied to each arm. The dynamic equation
of the planar robot manipulator is derived by using the
Euler-Lagrange method giving

A M(12) o
T r T1
Mr(Ql) M7£22) { Gy }

+ hw., h(wn + w7‘2) Wry | | Trm
—hwy, 0 Wry | | Ty |

3)
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Fig. 4. Absolute frame, robot frame and axle frame.

Wr = [mesz]T =qr = [q-T17QT2]T7
T
Tr = [TTUTTQ] )

MM = mql2 +ma (13 + 12, + 2011, cos (¢r,))
+ 1 + I,

M = MY = my (12, + lile, cos (gr,)) + L2,

M) =myl? + I,

h = —malyl., sin (qrz)v

where g,, denotes the joint angle, m,; denotes the mass
of Link 4, /; denotes the length of Link i, /., denotes the
distance from the previous joint to the center of mass of
Link 7 and I; denotes the moment of inertia of Link .

4. Omnidirectional mobile robot modelling

This section presents kinematic and dynamic modelling
of the ROMNI omnidirectional robot. This robot was de-
veloped at the Bourges PRISME laboratory (Mourioux
et al., 2006; Poisson et al.,2001). As a first step to develop
a robot controller, the equations of robot motion have to
be derived.

4.1. Kinematic modelling. Figure[3shows the bottom
view of the ROMNI robot. This robot has a mechanical

Fig. 5. Axle with longitudinal orthogonal wheels.

Fig. 6. Robot and its ultrasonic perception system.

structure that enables it to change its displacement direc-
tion at any moment, without reconfiguring its rolling parts
(Mourioux et al., 2006; Poisson et al., 2001). The axle
is composed of two orthogonal wheels with a phase of
/2 (Figs. @ and B). The reader can refer to the works
of Mourioux et al. (2006) and Poisson et al. (2001) for
more details on an exact description of this structure. The
posture is defined in Fig. @ where (O, %, ) is the world
coordinate system, O is the reference point, (O/, .7 ) is
the robot coordinate system, and the point O’ is the center
of the robot.

In order to determine the kinematic model of the plat-
form, one can calculate the velocity ‘707; of the contact
point of the wheel with the floor (O; in Figs. @ and [5):

— — —

Vo, = Vo + QA A00; @
= &% + 5§ + VR

If we assume that the wheels do not slip, the relative

velocity of the wheel-to-floor contact point is zero. Then
for each contact point O1, O, and O3, we can write

Vo, = —r¢s, Vi€ {1,2,3}. (5)

We use the following notation: «; and v; are the

vectors of longitudinal direction of the ¢-th axle and its

perpendicular, respectively; O; is the contact point of the
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wheel with the floor; Voi is the velocity of the point O;;
\70/ is the velocity of the point O’; Q1 stands for the angu-
lar velocity of the o point; ¢; is the angular velocity of
the i axle; R; is the variable distance O O;; ¥ is the angle
between Z and T (it characterizes the absolute orientation
of the robot); 7 is the radius of the sphere; «; is the angle
between Z and @, o = 0, ag = 21/3, az = 4n/3,;
T, y, ¥ are the kinematic parameters of the motion at the
point O’ of the platform expressed in the absolute refer-
ence frame linked to the environment (O, &, 7).

First, consider the following three-dimensional vec-
tor describing the robot:

gp = [‘xvyaﬁ]Ta (6)

where x and y are the coordinates related to the reference
O in the world frame. Second, write

Wy = [wvlvwvwwvs]T = [@17 P2, ¢3]T7 @)

where w,,, w,, and w,, are the angular velocities of the
robot wheels. From the works of Djebrani ef al. (2011;
2010b; 2009), Mourioux et al. (2006) and Poisson et al.
(2001), the Jacobian J can be obtained, providing a direct
relation between global velocities and angular velocities
of the wheels:

wy = %Jép, ®)
isin(9 + a1) — geos(V 4 ay) — IRy = rw,,,
isin(9 + ag) — g cos(V 4 az) — IRy = rw,,,
@sin(9 + az) — g cos(V 4 as) — IR3 = rw,,,

)
where J = AR(Y),
sin — Ccos o — R
A= | sinasg — COS Qi — Ry (10)
sin ag — cos g —R3
and
cos sind 0
R(W)=| —sind cosd 0 |. (11)

0 0 1

For each axle, we set R; as the distance O/Oi (the vari-
able distance determined by the sphere of the ¢-th axle in
contact with the floor):

R;
Rimin + %Aleo < i < % and ™ < i < %",
Ripo. — 3ARITZ < o < mand 3T < ; < 2m,
(12)
where AR = R, .. — R;,,, corresponds to the difference

of the radii between the two truncated spheres of the same
axle, R and R characterize the configuration of

tmax tmin

the wheels under the axle, p; is the angular coordinate of
the i-th axle. Now we are ready to develop the dynamic
model.

4.2. Dynamic modelling. Let us first determine the
motor dynamics. The shaft output torque is determined
by taking into account all forces acting on each wheel.
The main force acting on the wheels is the force to over-
come the inertia of the base while accelerating. This force
consists of two components: the first force accelerates the
base laterally while the second accelerates angularly. Due
to the inertia of the base, the force needs to be applied
to accelerate and decelerate the base. This force is exerted
by the wheels, which transfer the motor torque to the drive
surface. The required force can be calculated using New-
ton’s second law (Spong et al., 1989):

F = D§,, (13)
where
mp 0 0
D= 0 mp 0 |. (14)
0 0 Ip

Using Eqn. (8) with J = AR(¥), we obtain

& =rRTA Yw, + rRT A0, (15)

The magnitude of the global forces F;,, F,, and the
moment M; can be written using the base mass mp and
the moment of inertia I as

Fw mpg 0 0 T
Fy = 0 mpg 0 y . (16)
M, 0 0 Ir )

The global forces F, and F, can be substituted by the
sum of the lateral shaft force components in the z and y
directions, respectively, while the global moment M, is
given by the product of the combined local force vectors
and the radius on which they act (Fig. [1):

Fy=fi, + fo, + f3,
= —fisin (¥ + ay) — fosin (9 + az)
— fasin (¥ + as),
Fy=fi,+ f2, + f3, (17)
+ frcos (U + a1) + facos (¥ + az)
+ fzcos (¥ + as),
My = fiR1 + f2Ra + f3Ra,

or, in a more compact form,

AT
F= mR'ivay'7IRl9:| = JT [flaf25f3]T' (18)
We can write

T
[.fla f2) f3]T = J_T {ijva@IRﬁ ’ (19)

@amcs
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Fig. 7. Dynamic diagram of the three-wheel base.

where f; is the traction force of each wheel. By replacing

(13 in (19), we obtain
f=A"TRD {TRTA’lwy +rRTA Y, (0

The dynamics of each wheel driven by a DC motor can be
described as

CnCe
Rq

Imwm, + < + bm> Wm; — &

)
Tim,
where I, is the combined moment of inertia of the motor,
gear train and wheel referred to the motor shaft, w,,, is the
rotational speed of the motor shaft, R, is the armature re-
sistance, C. is the Electro-Motive Force (EMF) constant,
C,,, is the motor torque constant, b, is the viscous fric-
tion coefficient which is a combination of the motor and
gear trains, n,, is the gear ratio, 7,, is the armature voltage
applied (specAmotor, 2011).

In matrix form we have to consider the relation

Wm; = MW, between the motor and robot rotational
speeds:
[ =—Pwy, — Quy + Ey7y, (22)
where
n2 1 00
P=-—"71,10 1 0],
" 00 1
1 00
2 CnC
Q=2 (== 4by) | 0 1 0|,
" @ 00 1
1 00
Eq,—”—m%—m 010
el o001

Fig. 8. Planar mobile manipulator with an omnidirectional plat-
form.

By replacing (20) in (22)), one can write the dynami-
cal equation of the mobile robot as

le (gp)wv + Cv1 (fpv wv)wv - EvTv; (23)
where

M,, (&) = (rA"TRDRTA™! + P),

Cy, (&p,wy) = rA"TRDRT A + Q)

are the inertia and coupling matrices, respectively.

5. Omnidirectional mobile manipulator
modelling

Consider the mobile manipulator depicted in Fig. Bl It
consists of an omnidirectional mobile platform and a two-
link manipulator. The platform moves by driving the three
wheels. The manipulator is constructed as a two-link pla-
nar arm with motors attached to the joints.

5.1. Kinematic modelling. We reduce the location to
the planar position of the end-effector in the horizontal
plane. The location of the platform is given by a vector
& = [x,y,9]7 which defines the position and the ori-
entation of the platform in the frame R. The position of
the point O,, in the frame R is thus given by a vector
¢ = [z1,11]7. The coordinates of O, in R  are given
by [a1, az2]T (see Fig.[). According to (), the KM of this
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mobile manipulator is (Bayle, 2001; Campion et al., 1996)

x = [al + 1y cos (qr, ) + lacos (gr, + qm)} cos (1)
~ [a2 + Lusin (g7,) + Lo sin (ar, + ar,)]
sin () + x,

Yy = [al + 1y cos (qr, ) + lacos (gr, + qm)} sin (9)
o+ az + lusin (gr,) + L25in (ar, + ar,)]
cos (9) + y.

(24)
From @24), we get the ILKM (Instantaneous Location
Kinematic Model):

qry

. i1 B q7.2

f: |: - :| = ‘](qT‘17qT‘2)’L9) Z ) (25)
Y
0

J(@ry+ Grys9)
:[—115119—1251219 —12S129¢ 1 0

1Cy +12C129  12C129 0 1

—a189 — axCy — 11519 — 125120
+a1Cy — a2S9 + 11Ch9 + 12C129

with the following intermediate variables:

Cry = cos(gr, +7),
S19 = sin(q,, + ),

Crag = cos(gr, + ¢r, + V),

S129 = sin(gr, + gr, +9),
Cy = cos(9),
Sy = sin(¥).

5.2. Dynamic modelling. A mobile manipulator dy-
namic equation can be obtained using the Lagrangian ap-
proach (Yamamoto, 1994; Liu and Lewis, 1990). It is in
the form

M(q)w + C(q,w) =, (26)

T T . . T
where ¢ = [(Irvfp] , W = [wrawv] , W = [wrawv] , T =
T
[Tr; EvTv]
The dynamic model of the manipulator 26), can
be expressed in terms of the dynamic interaction and
coupling. The motion equation of the manipulator sub-

ject to the vehicle motion is given in the following form

aamcs

M, (¢:)wr + Cr, (@r, wr)wr + Cry (gr, wr, wy)
=Tr — RT(qTa fp)(’bTM

(Djebrani et al., 2011):

(27)
C, ((Ira Wry wv)
= Crl (QM wr)wr + Crg (QM Wy Wu)a

where M, and C,, are the inertia matrix and the Cori-
olis and centrifugal terms of the manipulator given by
Eqn. @), C,, denotes the Coriolis and centrifugal terms
caused by the angular motion of the platform, 7,. is the in-
put torque/force for the manipulator and R, is the inertia
matrix which represents the effect of the vehicle dynamics
on the manipulator. We note that C'., and R, are the terms
added to the equation of motion of the manipulator. They
represent the dynamic interaction caused by the motion of
the mobile platform.

The motion equation of the platform retains the fol-
lowing form:

le (fp)wv + Cvl (£p7 wv)wv + Cvg (qh f;m Wy Wu)
=E,7 — Mvz (QN gp)wv - R, ((Irv fp)wrv
CU (qTa €p7 w7’7 UJU)

=Cy, (gpv Wy )wy + Ch, (r Eps Wrs Wy),
My(qr,&p) = My, (&p) + M, (gr, &p),

(28)
where M, and C,,, are the mass inertia matrix and the ve-
locity dependent terms of the platform which are defined
in Eqn. @3), M,,, and C,, represent the inertial term as
well as the Coriolis and centrifugal terms due to the ma-
nipulator presence, F, 7, is the input torque to the vehicle,
E), is a constant matrix and R, represents the inertia ma-
trix which reflects the dynamic effect of the arm motion
on the vehicle.

The dynamic model (Eqn. (26)) of the mobile ma-
nipulator is described by

M, R, Wy Cr | Tr
R, M, Wy + Cy N E,7y '
(

In order to write a global control law, let us consider

X = [xlv X2,T3,T4,x5,T6,T7,T8, L9, xlO]T
= [qT1 s drys Ty Y, 197 Wiy Wiy s Wyy s Wy, wU3]T
as the state vector of the mobile manipulator. The state
space equation is then given by (Djebrani et al., 2011;
2010b) .
X = f(X) +g(X)r, (30)

where f(X) and g(X) are smooth vector fields on R™:

Wr
fX)=| rJ(&)  w |, (31
—-M-1C
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f1(X) = 6 of the system (30):
f2(X) = a7

_ 2 .

f3(X) = gragsinxs T =21,
+r %cosw—%sin%) Tg To = z3,

. T3 =2
+r —%cosx;,—%smxg)) 210, 3 5
Ty = 27,
f(X) = f4(X):—§rxgcosx5 T5 = 29,
; Te = 22
+r Lsma:5—|—lcosa:5) Tg ’
V3 3 7 = Z4,

+r —% sinxs + %008.135) 10,
f5(X) = —H’I“J?g — H?”Z‘g — H?”Z‘lo,

[f6(X), f2(X), fs(X), fo(X), fro(X)]"
ZM-IC,

(32)

9(X) = [ Y ] - (33)

From Eqns. (32) and (Z3) it is clear that f(X) and
g(X) depend only on the state variable X . The parameter
H is a constant. In the next section we will propose a new
feedback control law of our mobile manipulator.

6. Local coordinate linearization

We consider the nonlinear multivariable system as de-
scribed in state space form by the following equations:

X = f(x)+ ; 4 ().

yj = hj(X), Jj=12,3,4,5.

(34)

According to Isidori (1995) we can recall the conditions
for the solvability of a MIMO state space exact lineariza-
tion problem as follows.

Proposition 1. Suppose the matrix g(X°) has rank m.

Then, the state space exact linearization problem is solv-
able if and only if

(i) foreach 0 < i <n — 1, the distribution
Gi:span{ad]}gj 0<k<i,1<j<m}
has constant dimension near X ° (equilibrium point);
(ii) the distribution G,,_1 has dimension n;

(iii) for each 0 < i < n — 2, the distribution G; is invo-
lutive.

Theorem 1. The change of variables allows linearization

Ty = —2ZgSin zg — —2g cos zg — — Ry 210,
r r r

1 .
T9g = ; <—2 COS 29 — 5 S zg | 26,
1(V3 1 1
+ - (% sin zg + 5 COSZQ) 28 — —Ra210,
r

xr10 =

el
N S

1.
cos29—§sm,29 26,

S | =

+

2
1 1
(—é sin zg + = cos zg | zg — —R32z10.
2 2 r
(35)

Proof. In our case we have to find five functions hq(X),
ha(X), hg(X), ha(X), hs(X) such that
Ly, Lihij(X) =0 (36)
forall0 < k <7; —2,1 < j < m. The relative degrees
r; have to fulfill the condition ry +7ry +7r3+7r4+75 = n.
In our case the distribution G, = span{¢1, g2, 93, 94, g5}
has dimension m = 5. Moreover, since [g;, g;] = 0 for all
i,7 € {1,2,3,4,5}, we see that the distribution in ques-
tion is involutive. u
The distribution has maximal dimension n = 10,
which is the dimension of the state vector. We see that
dim(G;) =10 fori € [1,9] and G, for j € [1, 8] are triv-
ially involutive. The system satisfies the hypotheses of the
proposition. In order to solve the full state linearization
problem, we have to find functions h;(x) that check the
condition (B). It is easy to conclude that we must have

Oh; _Oh; _Oh; _ Oh; _ Oy
8.136 _8.137_8.238 _8.239 _8.2310

for j = 1,2,3,4,5. One can choose hi(X) = 1,
hQ(X) = T2, hg(X) = I3, h4(X) = T4, h5(X) = Is.
Let us analyse the relative degree of the system. The sys-
tem has a vector relative degree {r1,7r2,73,74,75}. One
can check that Ly, h1(X) = Lg,ho(X) = Ly hs(X) =
Lg,ha(X) =Ly, hs(X) = 0.

The relative degrees are 1y =19 =13 =14 =15 =
2. Then we can check that the following matrix is not
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singular:

Ly, Lyhy(X) Lg;Lyhy(X)
a(X) =
Ly Lyhs(X) Ly, Lrhs(X)

(37)
Then the smooth functions that define the local change of

variables that linearize the system are

z1 Zhl(X)—l‘l,
zZ9 —thl(X),
23 = ha(X) = 22,
zZa —thQ(X),
z5 :hg(X)Zng,
zZ6 = thg(X), (38)
z7 —h4(X):Z‘4,
z8 —th4(X),
Z9 —h5(X)={E5,
Z10 —th5(X),
where
Lihi(X) = g,
thQ(X) = T7,

2
Lshs(X) = ng’g sin zs

1 1 .
+r <ﬁ COST5 — §s1nx5> X9

< 1 1. >
—+r ——cosx5—§smm5 x10,

V3

2

Lihy(X) = —g?“],‘g CoS T5

N <1 , +1 >

r| —sinx —CosTs | T
\/3 5 3 5 9
1 . 1

+7r (—— sin x5 + § cosx5> x10,

V3

L¢hs(X) = —Hrxs — Hrzg — Hraqp.

The control law 7 is written as follows:

T1 U1
T2 V2
T= |7 | =a ' (X)[-BX)+ | v ||, 39
T4 V4
75 Us
where
B(X) = Lihi(X), j=1,2,3,4,5, (40)
and
21 z9
23 z4
25 = z6 5 (41)
Z7 28
Z9 210

2':2 V1
24 (%
26 = V3 s (42)
28 Vg
210 Us

where v is a new input to be determined. We obtain a sim-
ple relationship between the output ¢ and the new input v:

V== G + Kiexeq + Kprod (43)

where ¢ = ¢* —q, Kqer and K, are positive definite ma-
trices. After linearization, one can consider an outer loop
impedance regulation which can be used to drive the robot
between obstacles or to collaborate with other robots.

7. Virtual impedance control strategy

The control objective requires multiple goals, such as
reaching targets, or avoiding static and dynamic obsta-
cles. In order to solve the above-mentioned problems, we
propose a control strategy based on a dynamic structure
of the robot and the impedance control technique. This
model was proposed by Arai and Ota (1996) in order to
generate only forces. In our work we will use that con-
cept to generate forces in a low level outer loop. It allows
us to modify the robot trajectory in terms of the imposed
impedance Z;. This technique determines the motion of
a robot by means of a desired trajectory ¢* modified by a
sum of different forces (Goldenberg, 1988; Hogan, 1985).
The closed loop dynamical equation for our robot must be
expressed as

Ma(G§" — §) + Ba(q" — ¢) + Kalq" — q)
= —Fext, (44)

where Fixe = Y., Fibs, represents all the forces ex-
erted on the robot, Fs, is the force which avoids the
i-th obstacle. Z; = Mup? + Bap + K is the desired
impedance, My, By, K4 are diagonal positive definite ma-
trices of desired mass, damping and spring impedance ef-
fects, p = d/dt. Equation (@4} can be expressed in terms
of the desired impedance and the trajectory tracking as

F, ext

Zd, (43)

ea =(¢" —q)+
where eg is a new auxiliary signal error eq = ¢ — q. If
eq — 0, then Eqn. (3) is realized. The new desired tra-
jectory ¢; can be seen as the sum of the desired trajectory
q* and the force correction Foyt/Z.

The control law given by Eqn. (39) is then modified
to take into account the presence of obstacles. So the new
desired trajectory is given by ¢j(t) = ¢*(t) + Fext/Za
and the v signal from Eqn. 3) by

v =Gy + Kaer(dy — q) + KprO(qé - q). (46)
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The magnitude Fi,s is obtained as (Carelli ef al., 1999;
Borenstein and Koren, 1991)

Fobs = Qaf,,, — bFobS (dobs (t) - dmin)2~ (47)

where ar,,_ and g are positive constants satisfying the
condition

aF,, = br,. (dmax — dmin)Q’ (48)

dmax being the maximum distance between the robot
and the detected obstacle that causes a nonzero repulsive
force, dp,i, represents the minimum distance accepted
between the robot and the obstacle, and dops(t) is the
distance measured between the robot and the obstacle
Amin < dobs(t) < dmax (see Fig.[0). Note that the bound

Obstacle

Y’ A
i Desired

‘(\ trajectory

Fig. 9. Repulsive force caused by an obstacle.

dmax characterizes the repulsion zone, which is the region
inside which the repulsion force has a non-zero value.

As mentioned in Section2] we introduce an adaptive
fuzzy algorithm as an intelligent control solution to select
the desired behavior Z; (Abdessemed et al., 2004; Ab-
dessemed and Benmahammed, 2001). Figure [10] gives a
schematic block diagram of this architecture. In this fig-
ure one can notice that the inputs to the fuzzy controller
are the generated virtual forces (F,s) and measured dis-
tances named d4 and d5. These distances d4 and d5 con-
cern the distances measured with the lateral sensors. Fig-
ure [[1] shows the impedance fuzzy sets associated with
the generated forces and Fig. presents the member-
ship functions of d4 and d5. Each membership function
is a triangular-shaped membership function with the col-
lection of linguistic values: {VL,L,M,H,VH}. The
meaning of each linguistic value should be clear from its
mnemonics; for example, VL stands for verylow, L for
low, M for middle, H for high and VH for veryhigh.

Let us denote the fuzzy block as a three input-single
output controller. We construct five numerical values for
the desired behavior Z4, { VS, S, M, B, VB}. The mean-
ing of each linguistic value, VS stands for verysmall, S
for small, M for middle, B for big and VB for verybig.

Virtual Effort |F;, ’—l
Generator Fuzzy
Fonot Logic Zg Impedance
Calculation of |94 _,|Controller
dymdd;
Modified d'5

Trajectoty

Desired
Trajectory

Fig. 10. Block diagram of the controlled system.

Menb ership
grad

F Ll

abs

Fig. 11. Membership functions of input Fps.

Consequently, simple robot impedance generation
can be described as the following linguistic rules:

Rule 1 : IF F,sis VL and dy is VH and d5 is VH
THEN Z4, is VS

Rule 2 : IF Fa,sis L and dy is VH and d5 is VH
THEN Zg4, is S

Rule 8 : IF F,,sis M and dy is VH and d5 is VH
THEN Z4, is M

Rule j : IF Fohsis H and dy is VL and d5 is VL
THEN Z,, is B

Rule 5 : etc.

(49)
such that Fips, d4 and ds are the inputs and Z; is the
output. Based on the above rules, the Sugeno defuzzi-
fier strategy is chosen as described by Sugeno and nishida
(1985) in order to derive Z4 as the output. We defuzzify
the membership function using min-operation implica-
tion, and we have

Nrules

> mZa
Zy= T (50)
>
=1
1 =1,2,..., Nryles> Nrules being the number of rules, Z,

Membership
grad

VLL M H VH

P

»
dy.ds

Fig. 12. Membership functions of inputs d4 and ds.
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the rule’s consequent of the [-th rule whereas p; is the
corresponding degree of fulfillment for the [-th rule.

8. Simulation results

Our simulations were realized on a model of the omni-
directional mobile manipulator. Its description and mod-
elling were presented in Section[3l with a; = as = 0. All
the simulations experiments were carried out by consid-
ering a set of physical parameters for the dynamic model
of the omnidirectional mobile manipulator given by the
mass link 1 m; = 10 kg, the mass link 2 mo = 5 kg, the
inertia link 1 I; = 0.05 kg - m?, the inertia link 2 I, =
0.025 kg - m?, the length link [; = I3 = 0.5 m, the base
mass mpr = 20 kg, the radius of the platform R = 0.3 m,
the moment of inertia of the platform I = 0.9 kg-mQ, the
moment of inertia of the motor [,, = 1.380e — 5 kg.mz,
the armature resistance R, = 0.317 2, the viscous fric-
tion coefficient b,,, = 0.004 N - m, the electromotive force
constant C, = 3.02e — 2 V - s/rad, the motor torque con-
stant Cy,, = 3.02e — 2 N - m/A, the radius of the sphere
r=0.03m,R;,, =02mand R; ,, =0.13m.

The simulation results are shown in Figs. [[3HI7l and
indicate the successful control operation for the input tra-
jectories imposed for the base from tg = 0: z*(t) =
0.05sin(1.6¢ + 0.2) + 0.09sin(2¢ + 0.15) and y*(t) =

0.08 sin(2.6t + 0.02) + 0.02sin(1.2¢ + 0.35), the articu-
}T

Tmin

lar movement imposed for the arm is ¢ = [q:1 s Ty

[0.1sin(2¢ 4 0.1),0.2 cos(t 4 0.1)]". Based on the eval-
uation method of the obstacles configuration from the in-
formation of the sensors, the mobile manipulator succeeds
to reach the goal position in an environment cluttered with
obstacles. The input trajectories imposed for the base are
[z*(t), y* (), 9*(t)]" = [0.1¢,0.1¢,7/4]", the articular
]" =

movement imposed for the arm is g = [q:1 s Ty

[7/2, —7/2]". Figures[I8H2illustrate the navigation ob-
stacle avoidance strategy.

9. Conclusion

In this article we developed a new approach to control an
omnidirectional mobile manipulator. Nonlinear equations
of motion for the robot were derived including a kinematic
model and a dynamic model. Based on these models,
nonlinear control design for the robot was studied using
the input-state linearization method. The robot model was
linearized to obtain a linear model, and a linear controller
was used to achieve tracking control of the robot position.
The use of impedance control as an outer loop allows us to
unify the control structure in the main case of robot inter-
action with the environment. Furthermore, the impedance
adaptation allows us to overcome instability problems in
terms of trajectory following.

The simulation results showed good behavior in the

presence of obstacles for different values of the desired
impedance. The perspectives of this work concern first the
generalization of this process to add more functionalities
such as physical cooperation with the humans. Impedance
adaptation can give more flexibility in system control.
Second, this work can be extended to the case of remote
interaction with an operator. This interaction can give
their the feeling of real experiment conditions, such as
haptic feedbacks. All these tools must be integrated.
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Fig. 13. Desired and measured x-trajectories, velocities of the
platform.
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Fig. 14. Desired and measured y-trajectories, velocities of the
platform.
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The motion equation (27) gives
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The motion equation (28) yield
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r

c02) _ o) _ gen _ Z2rmed.
V1 U1 v1 3\/§
27"mR1§l

13 2 32
Y =0l =0l ==
Cé;) = =201y cos(qr, + V)wr,wys,

— 215 [12 cos(qr, + qr, + )

+ Iy cos(qr, + ﬁ)]wrlw%

— 2Dl cos(qry + Gry + V)wrywy,

— I1ly cos(gr, +V)wy,

— Iy [lz cos(qr, + qr, + 1)

+ 1y cos(gr, +9)]

w? = Dlycos(¢r, + ¢ry, +9)
Wpy Wiy — Tolo co8(qr, + Gry +19)

Wrywry — Ialy cos(gr, + qry + Vw2,

C? = —2111; sin(gr, + 9)wy, wo,
— 2L [ly sin(gr, + gr, + )
+ 1y sin(gr, + V)] wr, wo,
— 205l 8in(qy, + Gy + Wiy Wy
— Lily sin(gy, + 9w},
— L[lasin(gr, + qr, +9)
+ Iy sin(gr, + 9)]w?,
— Ll sin(qr, + Gry + wp,wry
— Llysin(qr, + Gry + Hwp,wr,
— Llasin(gr, + gr, + )2,
CE = =211, $in (g, )wr,wo,
— Llila sin(gyr, )wr, wr,
— Llyla sin(qyp, )wr,wy,

— Llilo sin(gry )wy,,

B _ g2 _ pes) _ Cmim
; } ; o
ET()12) _ E1(}13) _ ET()QI) _ E1(}23) _ ET()BI)
=E() =0,
MV =1 + I,
M =0,

@amcs

M(13) = [_l2 Sin(qn +qr, + 19) -0 Sin(qu + 19)] I

v2

— Ll sin(gy, +9),
ME o
M$Z? =1 + I,

Mv(fg) = [lacos(qr, + Gry + ) + 11 cos(gr, + )] I2

+ Il cos(gr, + ),

Mégl) = [_l2 Sin(QTl + qr, + 19) —h Sil’l(qu + 19)] I

— Illl Sin(qu + 19),
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MSQ) = [+l co8(qr, + qry + ) + 11 cos(qr, + )] I RPPY = [+l3c08(qr, + Gry +9) + 11 cos(qr, + V)] L2
+ Il cos(gr, + 1), + Iily cos(gr, + ),
M = [(~lasin(gr, + gry +9) — i sin(gr, + 0))? R = + 1l cos(qr, + qr, +9),
+ (I co8(qr, + Gry + ) + 11 cos(gr, + 1)) RBY = [(~lysin(qr, + qr, +9) — I sin(gr, + 9))?
+2]L+ L (I1+2), + (I2c08(qr, + Gry +0) + 11 cos(gy, +1))°
R = [—lysin(gy, + qry +0) — Iy sin(g, + )] I +2]L+ L (I5+2),
— Lily sin(qy, +9), R3? =, [l112 cos(qr,) + 15 + 2] .

Rng) = —DLlysin(g,, + ¢, + V),
Received: 14 April 2011
Revised: 13 October 2011
Re-revised: 21 April 2012



	Introduction
	Robot structure and architecture
	Robot manipulator modelling
	Omnidirectional mobile robot modelling
	Kinematic modelling
	Dynamic modelling

	Omnidirectional mobile manipulator modelling
	Kinematic modelling
	Dynamic modelling

	Local coordinate linearization
	Virtual impedance control strategy
	Simulation results
	Conclusion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [597.600 842.400]
>> setpagedevice


