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Abstract

This work presents the development of mathematical model of a mobile manipulator and its use to develop a controller
based on backstepping nonlinear control and the computed torque control law. This MIMO nonlinear controller was
implemented on the Robot Operating System (ROS) environment. The mobile robot is based on the Barrett WAM
(Whole Arm Manipulator) and a custom build mobile platform. The dynamic modeling is used to ensure better perfor-

mance of the controller.

1 Introduction

A mobile manipulator is an assemble of two mainly com-
ponents — a manipulator and a mobile base (a mobile
robot in fact) — and most of the research in motion con-
trol of mobile manipulator consider its kinematics and
dynamics [20]. The coupling between the manipulator
and the mobile base allows us to benefit from whole struc-
ture mobility and therefore operate in a wider workspace
if compared with a conventional manipulator. Due to that,
mobile manipulators had become an important research
topics [32] where the integration between the mobile ma-
nipulator and its motion control has the main focus [10]
[31].

Recent papers [13] [12] show that mobile manipulation
is a wide field of research and one of the principal direc-
tions is trying to control all the mobile manipulator as a
single device (Whole Body Control), even though consid-
ering the manipulator and the mobile robot as separated
tasks by ignoring the structure interaction with the envi-
ronment, enables an easier control development [31].

As presented in [8] the mobile manipulation is a very
complex task, the control of a fifty one degrees of free-
dom robot is proposed considering constraints like self
collision avoidance and environment objects collision
avoidance. Some control laws proposed to the mobile
manipulators can be found as in [21].

1.1 Mobile Platform Mathematical Model

Figure 1 shows the coordinate systems used to describe
the mobile platform model, where X., and X, are the
axes of the robot and X; and X5 form the inertial coor-
dinate system.
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Figure 1: Differential-drive mobile robot coordinates.

The pose (position and orientation) of the platform is rep-

resented by ¢, = [z. e GC]T and is related with the
reference frame in the robot by:

€. = “Ry°€, (1)

where “R is the rotation matrix relating the orientation
of the robot and the reference frame given by:

cosf, —sinf. O
R, = |sinf. cosf, O 2)
0 0 1

The mathematical model for the mobile platform can be
obtained based on Lagrange-Euler formulation and it al-
lows the modeling a robot with any number of fixed
wheels and castor wheels. Assuming the motion in hori-
zontal plane, the potential energy can be neglected and
the kinetic energy of the mobile platform can be ex-
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pressed by

T = OETRY (M (5,)°RoP%. + 2V (5) o]

1.7 . 1. .
+ 30 Iﬂﬁo+§@TIga<P 3)

where T is kinetic energy, (3 is the angle of the castor
wheel, M ((y) is the matrix of inertia of the platform,
V(Bo) is a vector representing the Coriolis and Centrifu-
gal terms, Iz is the inertia moment around the vertical
axis of the castor wheel, ¢ is vector of the angular speed
of the wheels and I, is a diagonal matrix with inertia mo-
ments of the wheels around their rotating axis.

By applying the Lagrange-Euler formulation:

d (oL oL\" .
<dt <a§) — 85) — Rch (ﬁC;/BRC) A
+ ORCC,lT (,Bm ﬂnc) 1
d [ oL oL \" .
(dt (ZM) - aﬁm> SOt @

d (oL oL\"
(a(w)‘a@) sRAtTe O

with L =T — P, and Jl (ﬁcaﬁnc)a J2a C(1 (ﬁcaﬁnc)’ 02
satisfying the restrictions of motion of the wheels [5, 27]
given by:

Ji (Be, Bne) “Ro%6e + Jop = 0 (©6)

Cl (ﬂca 5nc) C-R()Oéc + CQBnc =0 (7)

Note that since the platform is moving in a horizontal
plane its potential energy P = 0.

By performing the differentials and after some algebraic
manipulations on (4-5), it is possible to obtain:

H(B)u+ f(B,u)=F(B)T
T T .
where ¢ = [5 Be Bne gp] LU= [v w} is the vec-
tor of the linear and angular velocities of the platform,
and 7 is the input torque on the wheels.
By using the feedback:

T=F'(8) (H(B)v + £(5,u)) ©)

where v is a new input vector, it is possible linearize the
second equation of (8) to obtain:

{q =S(q)u (10)

U="uv

This last of equations represent the configuration dy-
namic model of the mobile platform. This model include
some state variables which are only internal variables and
their values are not relevant for the purpose of control-
ling the mobile platform. Hence, some components of ¢
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can be neglected. Hence, the pose dynamic model can be
written as:

{9.6 - B (11
U=0
where z = { = [z. we GC]T is the vector of pose
coordinates and v is the input vector.

In this paper, the TWIL robot, shown in Figure 2, is used
as a mobile platform. Twil is a differential driven robot
for which:

cosf. O
B(r) = sind., 0 (12)
0 1
HpB) = 1 13)
o = [, ][] oo
F(3) = F:[ﬁ: _IZJ 0s)

where K5, Kg, K7 and Kg are constants depending only
on the geometric and inertia parameters of the platform.

L —

Figure 2: Real Mobile Robot TWIL.

1.2 Manipulator Mathematical Model

The manipulator dynamic model is given by [9]:

7 () = D(q (1) G (t)+H (q(t),4 () +G (q(t)) (16)

where 7 is the torque applied to the joints, ¢ is the vec-
tor of positions of the joints, D(q) is the inertia matrix,
H(q,q) is the vector of Coriolis and centrifugal forces
and G(q) is the vector of gravitational forces.

This model was developed based on the Barret WAM ma-
nipulator shown in Figure 3. Actually the model that rep-
resents the interaction between the mobile robot and the
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manipulator is in development and a control law using the
impedance control concepts will be proposed.

Figure 3: Barrett WAM manipulator.

2 Control of the Mobile Platform

Differential-drive mobile robots are nonholonomic sys-
tems [5]. An important general statement on the control
of nonholonomic systems has been made by Brockett [3],
who has shown that it is not possible to asymptotically
stabilize the system at an arbitrary point through a time-
invariant, smooth state feedback law. In spite of it, the
system is controllable [1].

Ways around Brockett’s conditions for asymptotic stabil-
ity are time-variant control [22, 29, 11, 25], non-smooth
control [1, 28, 6] and hybrid control laws [19]. In this
paper, we will obtain a set of possible input signals based
on non-smooth control law which is obtained by a non-
smooth coordinate transform. A general way of design-
ing control laws for nonholonomic systems through non-
smooth coordinate transform was presented by [1]. We
have considered a mapping from the state space to the
input space as presented by [17].

2.1 Offset to Origin

The mappings from the system state to the input space
which are used for point stabilization are such that the
state space origin is made asymptotically stable. If we
represent the mappingasg: X — U,x € X andu € U,
then the autonomous system

&= f(z,9(x)) a7

where f(x,u) = B(x)u, is asymptotically stable at the
origin by making v = g(x).

However, it is of interest to stabilize the robot at any
point x,, which means any given position and orien-
tation [erl Try xTS]T.This can be accomplished by
the coordinate change Z(x,x,), obtained by setting a
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new reference frame X, X,, at the reference position
[mrl xTQ]T with an angle z,,, according to Figure 4.
Thus, the coordinate change from X; X5 to X, X, con-
sists of a translation and a rotation of angle x,.,. It is read-
ily verified that 3 = x3 — x,,. Therefore, the coordinate
change Z(-, -) is obtained by the transform

z— [R(g’s) ﬂ (z — ) (18)
where R(z,,) is a 2-D rotation matrix, that is,
| cosz,, sinzg,,
Rlzry) = {— sinxz,, cos xm] ' (19

Hence, if the system Z = f (Z, g(Z)) is stable at Z = 0,
then & = f (z, g(x)) is stable at z = 0. Therefore, in or-
der to stabilize the system at any arbitrary point z, based
on a control law g that leads the state to the origin, it suf-
fices to use g(Z).

:
o] Ty T X,

Figure 4: Robot coordinates with respect to the reference
frame.

2.2 Non-Smooth Control

By considering a coordinate change [2, 17],

\/ T2+ 73 (20)

e =
¥ = atan2(Zo, T1) (21)
a=17=T3—1 (22)

h=u (23)

2 = Up (24)

the first expression of system model (11) can be rewritten
as

é = cos an
¢ = ey, (25)
G = = 4.

Then, given a candidate to Lyapunov function:
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V== (Ae? + Aaa® + A397) (26)

N =

it can be shown that the input signal

N1 = —7Y1€Co8 (27)
. A3 sin «
772z—vga—'ylcosasma—i—vl)\—cosa P
2
(28)

with \; > 0, leads to

V= —y1\ie? cos? a — a0 < 0 29)
which, proves that V' is indeed a Lyapunov function for
(25) and the Barbalat’s lemma [23], can be used to prove
that (25) is asymptotically stable [17]. We note that even
though the model (25) is discontinuous at the origin, due
to e in the denominator, the closed loop system is not.
The term in the denominator is canceled in closed loop
because (27) contains e as a factor.

2.3 Backstepping

Although (27-28) are able to stabilize the first equation of
(11), they can not stabilize (11) as whole since its input
is v and not u. Note, however, that (11) can be seen as
a cascade between two subsystems and in this case, it is
possible to use a backstepping procedure [16] to obtain
an expression for v from wu.

By applying the transforms (18,20-22) to (11) it is possi-
ble to write:

é = cosau (30)
. sin a
w = o U1 (31)
& = -2 4w (32)
111 = U1 (33)
fLQ = V2 (34)

Then, by adding cos a(n; — 1) to (30), 2% (1 — ;) to
(31) and —=2% (11 — m1) + (2 — 12) to (32), nothing is

changed:

€ =cosauj + cosa(n —mn)
) = Sy = (g — 1)

qr= =09y 4y — S0 () — )+ (1 — 12)
’1.1,1 = U
IL.LQ = V2

(35)
which can be rearranged as:
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é = cosan + cosa(u; —n1)
. sin o sin «
Y=——m+ (ur —m)
. sin « sin o
G=———m+n- (ur —m) + (uz2 —n2)
’l-Ll = V1
Uy = Uy
(36)
and by defining:
€1 £ Uy —m 37)
e2 £ us—1p (38)
v = v —m (39
Ty 2 vy —1p (40)
results in:
€ = cos amy + cos aey
sin «v sin a
Y= o + el
. sin «v sin « 41
o= — . m + N2 — e+ eg (41)
é1 = U1
€9 = Vg
Then, by replacing 7y and 75 from (27) and (28):
é = —7y1€ecos a? + cos aeq
. . sin «v
1) = —ypsinacosa + e
. A3 sin «v sin «v
Q= —Y0a + Y1+ cos P — e1 + ez
Ao « e
é1 = 71
€y = Uy
(42)

Let the following candidate to Lyapunov function:

1
i= 92 ()\162 + 20 + A3¥p? + M€l + )‘563) (43)

Its time derivative is given by:

Vi = Aeé 4+ Asad + /\3¢¢ + Age1€1 + Asezés (44)

which, by replacing the system equations from (42) gives:

Vl = *’}/1/\162 cos® a — ’yg)\gaQ + Aiecos aey
sin «v sin o
— o p €1+ As o €1
+  Ae101 + Apaes + Aseats (45)

Then, by choosing:

© VDE VERLAG GMBH - Berlin - Offenbach

124



Conference ISR ROBOTIK 2014

N A n Ao sina
U = —yue] — —cosa+ —a«
1 Y4€1 ¥ ¥ o
- ﬁ sin av 46)
)\4 €
A
B & —ser- o (47)
5
results in
Vi = —mhetcos? a — yha? — el
— 5As5e3 <0 (48)

which proves that V) is indeed a Lyapunov function for
the system (42). Furthermore, since V1 is uniformly con-
tinuous, it follows from the Barbalat’s lemma [23] that
Vi — 0, which implies that e — 0, &« — 0, e; — 0 and
es — 0. It remains to prove that ¢ converges to zero. By
applying the Barbalat’s lemma to ¢ it follows that &« — 0
in (42), which implies that ¢» — 0.

The control law for the system (11) is then given by:

vy = U1 —1p (49)
vy = U2 — 1 (50)
or
)\1 +)\2 sin «
V] = —Y4€] — —COSQ+ —
1 Y4€1 Y ¥ o
— ~?ecos® a + y1yseasin o
A sin? a
— vf—gecosa P 51
A2
vy = —yses — —a
2 V5€2 A5
A sin® o
— vga—i—%vgasinQa—ﬁ)\—scosa )
2
A sin «
— vl'ygacos2a+'y%/\—3c083a P
2
A3 . 9 ¥ sinfa
_ 7172)\—251n oap—I—fyl)\—%cosa o2 P
Az o 2 A3 4 sina ,
+ 'yl'yg)\—QCOS oa/)—'yl)\—%cos « o2 P
A2 sin? o
273 .2 2
+ —5 COS™ «
71 )\% a3 d)
A sin? «
+ ’yf)\—3 cos? o (52)
2

3 Control of the Manipulator

The classical computed torque control law [9] is used:

T = D(q) ¢+ Kalgr — q) + Kp(qr — q)]

+ H(q,q)+G(q) (33)
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where ¢, is the reference vector for joint variables, Ky
and K, are the differential and proportional gains respec-
tively.

By applying the control law (53) to the system (16) and
defining e = ¢, — ¢, it is possible to write the error equa-
tion:

é+ Kqé+ Kpe =0 (54)

and it can be seen that by properly choosing the K ; and
K, gains, the error can be driven to zero.

4 Robot Operating System

The Robot Operating System [24] (ROS) is a message
based system developed to integrate subsystems in a
robotic system. It is composed by reusable C++ and
Python libraries. The ROS philosophy is based on UNIX
systems where a lot of tools are designed to work together
and its origin is due to a partnership between industries
and universities [7]. ROS can be understood as a dis-
tributed system [30], where nodes can communicate by
publishing and/or subscribing to topics to send and/or re-
ceive messages.

4.1 Controllers in ROS

Unfortunately, ROS is not well suited for the implementa-
tion of advanced low-level controllers, such as proposed
in this paper. In principle, ROS is not a real-time system,
although it can show some real-time capability when run-
ning on a Linux system with the PREEMPT_RT kernel
patch. Even then, there is a single real-time loop where
all controllers are supposed to run under supervision of a
controller manager. This real-time loop has a fixed rate
of 1KHz, which, of course, is not adequate for all real-
time tasks in a complex system. A common alternative
for systems requiring many real-time tasks, with differ-
ent rates, is to use OROCOS [4] as a lower-level layer to
implement the real-time portion of the system.

From the control engineer point of view, there are some
pitfalls while implementing a controllers in ROS. The
first one in nomenclature. What ROS calls a controller
is not necessarily what is called a controller in control
systems nomenclature. A controller in ROS is a plugin to
the controller manager implementing the controller inter-
face and that typically interfaces with the joint command
interface and/or the joint state interface. Note that a con-
troller in ROS can perform a function which is not typ-
ically a function of a controller in a control system. An
example is the joint_state_controller, whicha
control engineer would suppose to be a state space con-
troller for joints, but is just a publisher of the values of
positions and velocities of the joints.

Another problem is that it appears that the ROS control
infrastructure was thought for single input, single out-
put (SISO) controllers where each controller handles a
scalar reference value, a scalar sensor value and gener-
ates a scalar output. Furthermore, discussions on some
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ROS developers forums in Internet reveal that there is an
assumption that multi input, multi output (MIMO) con-
trollers can be implemented by composing with SISO
controllers. That is not, indeed, the case. Most advanced
control laws for robots are intrinsically MIMO and can
not be decomposed in a set of SISO control laws, let aside
the problem of synchronizing many controllers to behave
like a single MIMO controller.

Nonetheless, in this paper a pure ROS implementation
of the controllers is attempted, in order to better under-
stand the capabilities and limitations of ROS with regard
to low-level controllers. See [14, 18, 26] for similar im-
plementations using OROCOS to provide sophisticated
real-time capabilities.

Figure 5 shows the architecture of low-level controllers
in ROS. Controllers are plugins loaded by the controller
manager which can load, unload activate and deactivate
controllers.

Controller
e.g. joint_position_controller
Dynamically allocated from loaded controller plugin.

£g.PID
Controller

h N
Controller Manager Hardware Resource Intsrice Laye ,
Loads, unloads and calls \\\\\\\\\\\\\\\\\ \\\\\\\\\\\\ X
Ll \ Joint Command n:m:u Joint State Interface
\ g, Effordointinterface &g, JontStatelmerace §
AN N
Controller 1 Robot Commands Robot Staes
] eg. joint efforts e.g]joint states
We interface:: ohmHW
- m
Joint Limits (Forward) State |
E Erfarce lmils {opfional) Tmnsmissions
Controller 3 |- R ncenalae
" Effort Transmissions | 4
Comvert flom joirt |

E torques to motor trques
'y

v Y |
- [mo] [==]
Actuaior Efforts. Mechanism States
eg. curent e eg. encoder ficks
Serial, USB
Real Robot

Embedded Controllers
e4g. PID loop to follow
effort sefpoint

Servas, eic

‘ Actuators ‘

Encoders
Sensors on the real
robot

Figure 5: Architecture of low-level controllers in ROS.

Control cycles are performed at 1KHz. In each cycle the
update () function of all active controllers are called in
sequence so that each controller can perform its task for
that cycle. If the controller should run at a lower rate,
it should implement a sub-sampling by itself. From the
digital control point of view, the model is that of a con-
tinuous time controller implemented in a digital computer
with a sampling rate so fast that the effects of digitaliz-
ing can be neglected. Note however, that a sampling of
1KHz may be not enough to make that supposition hold
for any robotic system, specially those attempting force
or impedance control.

The model of continuous time controller is appropri-
ate for nonlinear controllers, as is the case here. The
update () function of the controller developed here
implements the control law defined by (18), (20-22),
(51),(52) e (53).

ISBN 978-3-8007-3601-0

4.2 Simulation

The mobile manipulator was simulated by using the
Gazebo simulator[15], as shown in Figure 6. By default,
Gazebo implements its own controllers for each joint of
the robots it simulates. For each joint it is possible to di-
rectly apply an effort (torque or force, depending on the
type of the joint), or control velocity or position through
PID controllers. There is also a Gazebo plugin which en-
ables the attachment of controllers implemented in ROS.
This plugin can be enable by adding the following code
in the URDF file describing the robot:

<gazebo>
<plugin name="gazebo_ros_control"
filename="libgazebo_ros_control.so">
<robotNamespace>
/MYROBOT
</robotNamespace>
</plugin>
</gazebo>

where /MYROBOT is the namespace to be used for the

robot, in this case /twil/ros_control is used.

o prersppe S
File Ed! \Aew Help

xvz: | -5.00 J10.00 Hlaa

\ RPY:(0.00 h)zl J{0.00

Figure 6: Mobile manipulator model in Gazebo.

Figure 7 shows the ROS nodes an topics created while
the simulation is running in ROS. The node named
/gazebo is the simulator and the topics with names
starting with /gazebo are used to set or verify sim-
ulation parameters. The node named /twil/ros_
control/controller_spawner is the controller
manager. The controller manager loads two plugins:
the cart_linearizing_controller, which im-
plements the controller proposed in this paper and the
joint_state_controller which just publishes
the values of positions and velocities of the robot joints
inthe /joint_states topic.
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/gazebo/parameter_updates

/gazebo/set_link_state

‘ Jtwil/ros_control/cart_linearizing_controller/command

/gazebo/set_model_state

Jtwilfros_control/controller_spawner

Figure 7: ROS nodes for the simulation of the proposed
controller.

The controller implemented in the cart_
linearizing controller plugin receives its
references from the /twil/ros_control/cart__
linearizing_controller/command topic. The
controller obtains the values of the state variables and
sends the control effort to be applied in the robot
by calling ROS services, which are not shown in the
nodes/topics diagram.

The /twil/ros_control/cart_linearizing_
controller/command and /joint_states top-
ics are connected to the /gazebo node because they are
connected to plugins, which are not ROS nodes by them-
selves and are loaded in the /gazebo node.

5 Conclusions

This paper presented a proposal for a mathematical model
for a mobile manipulator and then proposed a backstep-
ping controller for such a system. That controller was im-
plemented in ROS as a plugin to ROS controller manager
and the whole system was simulated by using Gazebo.
Contrariwise to most controllers implemented in ROS
which are SISO PID controllers, in this paper a MIMO
nonlinear controller was implemented, which shows the
flexibility of ROS interfaces but a lack in its documenta-
tion which only considers SISO PID controllers.
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