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Abstract

The paper presents the interface of an existing open source multibody/multidisciplinary simula-
tion framework, MBDyn, to RTAI/NEWLXRT for hardware/software-in-the-loop simulations of flexible
space manipulators. The adaptation of the multibody software to the needs of real-time simulation re-
quired a minimal effort, basically focused on specializing existing input/output facilities to the use of
RTAI/NEWLXRT mailboxes and on eliminating or wrapping few system calls. Preliminary applications
to a simulation similar to that of the space robots control are presented, with different levels of sophisti-
cation and of integration into real-time control and visualization environments such as Matlab/Simulink

Real-Time Workshop through the use of RTAILab.

1 Introduction

A general purpose, scalable multibody analysis
framework, with generic and specialized element li-
braries for structural dynamics, aeroelasticity, hy-
draulics and electric circuits modeling, is usually be-
lieved to be less than ideal for real-time simulation.
Typical realizations of mechanical systems real-time
simulation are based on a dedicated modeling ap-
proach, based on model reduction by means of hier-
archical definition of the kinematic degrees of free-
dom, and on exploitation of topological features of
the system, e.g. tree structures, to achieve very effi-
cient system solution (1, 2).

However, when detailed and sophisticated analyses
are required, e.g. structural and joint deformability
nonlinearities, motor and control dynamics incorpo-
rated into the simulation, a general purpose software
can save the large implementation efforts required by
dedicated, minimal set multibody models.

A modern approach to this class of problems, deeply
rooted in the golden era of scientific computing when
memory and time constraints were very stringent
even without considering real-time execution, is rep-
resented by the symbolic manipulation of equations.
It consists in symbolically eliminating the redundant
unknowns from the beginning, to generate minimal

set object code for later execution (3, 4). However,
it is not yet clear how this approach can efficiently
handle models entailing the dynamics of large de-
formable parts, characterized by arbitrary constitu-
tive laws and subjected to non-conservative, non-
local force fields.

This challenging task has been accomplished by ex-
ploiting the good performances of MBDyn in im-
plicitly integrating complex systems with apprecia-
ble accuracy at a relatively limited computational
cost. The adaptation of the multibody software to
the needs of real-time simulation required a minimal
effort, basically focused on specializing existing in-
put/output facilities to the use of RTAI/ NEWLXRT
mailboxes and on eliminating inessential and wrap-
ping essential non hard real-time system calls. Ap-
plications to the simulation of space robots control
are presented, with different levels of sophistication
and integration in real-time control and visualiza-
tion environments as Matlab/Simulink Real-Time
Workshop. The control is graphically designed in
Simulink; the connectivity with the real-time layer
occurs through S-functions; the controller is then au-
tomatically converted into a compiled program by
Real-Time Workshop. All the hardware/software-in-
the-loop simulation and process control is monitored
and interfaced to the user by RTAILab. The real-



time extensions to MBDyn for RTAI/NEWLXRT
will be available in a future release of the software
package.

The paper is organized as follows: a description of
the multibody software MBDyn is given in section 2;
the MBDyn-RTAI/NEWLXRT interface is described
in section 3; section 4 illustrates how the control pro-
gram is produced; the simulated tests are presented
in section 5, and conclusions are drawn in section 6.

2 MBDyn Software

MBDyn is an open source multibody simulation soft-
ware, developed by the “Dipartimento di Ingegne-
ria Aerospaziale” of the University Politecnico di
Milano (http://www.aero.polimi.it/ mbdyn/ or
http://www.mbdyn.org/), that solves initial value
multiphysics problems by numerical integration. The
modeling is essentially based on connecting multi-
physics nodes, the entities that make degrees of free-
dom available, by means of elements, the entities that
write equations, that can be chosen in a predefined
library, which can be extended by the user in many
ways, e.g. by directly coding new elements or by writ-
ing run-time loaded modules.

MBDyn started as a general purpose multibody anal-
ysis software, originating from the need of an open
tool for the analysis of rotorcraft dynamics (5), and
eventually evolved in a multiphysics simulation soft-
ware for the integrated analysis of multidisciplinary
problems (6).

The formulation is classified as “redundant”, in the
sense that all the unknowns for each independent
field (displacements and rotations, electric potential,
hydraulic pressure, abstract scalar degrees of free-
dom) are directly considered during the simulation,
each generating a differential equation. When al-
gebraic constraints are required, they are explicitly
added to the system, which becomes a Differential-
Algebraic Equations (DAE) system, and the cor-
responding reaction unknowns (forces and couples,
electric currents, hydraulic flows, abstract scalar ef-
forts) are added to the list of degrees of freedom; thus
no model reduction occurs.

The problem is solved by integrating in time the re-
sulting nonlinear DAE system as is, by means of im-
plicit A/L-stable integration schemes that allow to
control the stability of the integration by means of
tunable algorithmic dissipation (7).

This approach is far from ideal for real-time applica-
tions, because the resulting underlying linear algebra
problem to be solved at each iteration can become
quite large. For instance, a careless modeling of a
6-dof rigid robot can result in 7 x 12 = 84 dofs for
the structural nodes (12 per node) and 6+6 x 5 = 36

dofs for the constraints (6 for the ground constraint
and 5 for each revolute joint), not considering those
required by the control; by carefully crafting the
model, e.g. by neglecting the inertia of some com-
ponents, if acceptable, and by carefully implement-
ing the ground constraint, one can save a couple of
dozens degrees of freedom, but the size of the prob-
lem remains in the order of 100 dof.

Nonetheless, if model sophistication requires specific
features, not available, or not worth the implementa-
tion effort in dedicated real-time software, and time
constraints are not too stringent, it is efficient enough
to allow software/hardware in the loop simulation for
a wide range of problems.

3 MBDyn Interface to
NEWLXRT

In order to run a program like MBDyn in real-time,
the simplest and most versatile way is to use the
NEWLXRT module of RTAI. This module allows to
use all the services made available by RTAI in user
space. The changes the program requires are mini-
mal, basically consisting in (a) inserting the essential
calls to NEWLXRT functions; if the program must
be run in hard real-time, namely under RTAT sched-
uler, (b) any kind of Linux operating system calls
must be eliminated, or anticipated before any hard
real-time activity takes place, or (¢) wrapped around
NEWLXRT calls; finally, (d) appropriate I/O must
be provided to the simulation process. Point (d) may
be seen as a subcase of (c¢), but, owing to its im-
portance in the control loop, and to the significant
implications both in terms of cost, versatility and
generality issues that may arise, it deserves special
attention.

The first step is to initialize the real time task
support struct(ure) (i.e. the buddy) by calling
rt_task_init (), which links RTAI services to the
standard Linux processes and threads. Then, the in-
vocation of startrt_timer() starts the real-time
timer. The program execution can be made peri-
odic, by calling rt_taskmake periodic(); other-
wise the synchronization can be delegated to the
controller, by making the multibody simulation task
wait on a semaphore or by making the first control
output mailbox blocking. At this point the pro-
gram correctly runs in soft-real time, namely un-
der Linux scheduler, but, if the latency must be re-
duced, and the real-time execution is to be made safe,
the process needs to run in hard real-time, namely
rt_make hard_real_time() needs be invoked. This
inhibits Linux processes and interrupts from pre-
empting the execution.



The elimination and the wrapping of system calls
in the multibody simulation process followed a few
guidelines based on common sense. First of all, it is
left to the user’s experience to determine how much
stack and heap the code will be required during regu-
lar execution; the desired amount of stack is reserved
by automatically defining a dummy array of the de-
sired size, by allocating anything needed before going
to hard real-time mode, and then invoking

#include <sys/mman.h>
/* snip */
mlockall (MCL_CURRENT | MCL_FUTURE);

to reserve stack and heap and thus prevent page
swapping during the execution. MBDyn already al-
lowed to disable all the output on screen by means
of command line switches, and the file dump of bulk
results could be disabled by configuration file state-
ments. This “soft” approach provided a very pre-
liminary and rough disabling of I/O system calls. At
this point, all the output had to occur through RTAI
mailboxes (described later), which might be critical
when tight timing constraints are in place, because
although they perform very well for small message
passing, they are not the right tool for massive bulk
streaming to data storage media. Consider that, on
typical architectures and with typical models not run
in real-time, full results dumping takes over more
than 50% of the execution time. A much more ele-
gant solution has been implemented by adding a soft
real-time messaging proxy, that is fed by MBDyn by
means of mailboxes. The proxy runs at very low pri-
ority level, and message delivering is not critical.
Memory allocation is another potential place for sys-
tem calls. During regular execution MBDyn does
not require any dynamical allocation, it occurs all
at startup. However, care must be given to third
party libraries, e.g. sparse solvers. If memory alloca-
tion is required at run-time, one needs to wrap each
memory manager call to kernel memory management
routines.

To execute MBDyn in real-time, another problem to
be solved is how the multibody simulation process
communicates with the other ones to monitor and
control the simulation. RTAT allows different means
of inter-process communications, both local and re-
mote (8). The use of RTAI mailbox services has
been preferred over more sophisticated solutions be-
cause of their simplicity and generality. This allows
MBDyn to send and/or receive data safely in hard
real-time. The policy used in the data transmission
never blocks the calling process, but the transmis-
sion is permitted only if the mailbox is available to
receive/send data.

The communication facilities, namely arbitrary mea-
sures on the model and arbitrary input in terms of

forces, control tensions or currents, have been im-
plemented by exploiting the object-oriented design
of MBDyn. This allowed to extend existing I/O de-
vices to use RTAI mailboxes, hiding the implemen-
tation details in a very limited portion of code, and
simultaneously making real-time I/O available to all
elements and degrees of freedom in a broadly general
manner.

4 The Control Program

The control process is used in the simulation with
MBDyn to close the control loop. It is obtained us-
ing RTAILab tools, which allow to create, directly
from Simulink or Scilab models, the control program
with all the utilities required to monitor the simu-
lation and to communicate with the multibody sim-
ulation process. This allows to simulate the entire
control loop in a very realistic manner. In this work
the Simulink/RTAILab interface was used to gener-
ate the control law. Two C-program S-functions have
been implemented to handle the input/output mail-
boxes. These portions of code can be simply inserted
into the Simulink model, resulting in a control pro-
gram that is interfaced with the multibody simula-
tion task. In detail, at the beginning of the execution
the S-function looks for the MBDyn real-time task
and for the input/output mailboxes. It syncronizes
the two real-time programs, while performing the in-
put/output operations during the simulation. The
input S-function keeps the data read in a step in a
buffer, so that if a mailbox read fails, e.g. because
of a overrun, the last known data is available for the
controller, representing a sort of best estimate of the
actual measures. This policy was selected because
sometimes, when using close to the time limit ac-
curate models, MBDyn can overrun the time step,
without excessive loss in the meaning of the simula-
tion. On the controller output side the same policy
has not been adopted for the read facility of MB-
Dyn, because the controller is not expected to incur
in time-overrun with the usual sample rates. The
start up of the simulation is performed by starting
MBDyn first, followed by the control program, which
synchronizes itself with the multibody task.

5 Numerical Applications

The MBDyn-RTAI interface has been tested by mod-
eling two different mechanical systems, controlled by
an external real-time control process. The tests were
run on a dual Athlon 2100 MP (1733 MHz) PC.



5.1 Simple Pendulum

The first system is a pendulum; the measures sim-
ulated by MBDyn are the angular position 6 and
its rate w; it is controlled by a couple. The control
law is simply proportional to the measures, so the
controller does not have internal dynamics. In the
proposed simulation the pendulum starts from its
stable equilibrium position and is placed in the un-
stable equilibrium position. The sample frequency is
1 kHz. The results are shown in Figures 2, 1. Notice
that the control loop works correctly even in adverse
conditions, e.g. unstable system configurations.
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FIGURE 2: Pendulum angular velocity

5.2 Deformable Space Robot

The second system is a planar robot for aerospace ap-
plications, with two flexible arms, as shown in Fig-
ure 3, which has been built in the laboratories of
the “Dipartimento di Ingegneria Aerospaziale” of the
University Politecnico di Milano (9). The workspace
is a horizontal plane.
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FIGURE 3: Robot
Length 1.0 m
Height 0.1 m
Link 1
Material Steel
Thickness 5.0 mm
Mass 3.9 kg
Bending Stiffness 215.625 Nm?
Link 2
Material Aluminum alloy
Thickness 2.5 mm
Mass 0.685 kg
Bending Stiffness 9.336 Nm?
TABLE 1: Robot data

This model is controlled by two couples applied at
the two hinges, while the measures are the angular
positions of the two joints 61, 6. This model is much
more complicated, and consequently more computa-
tionally demanding than the previous one: the multi-
body program must solve 84 equations; furthermore,
the model contains deformable beams, whose assem-
bly is significantly time consuming. For this reason,
the sample frequency had to be reduced to about
330Hz; this allowed to reduce the number of time
overruns during the execution of MBDyn to a rea-
sonable value, thus preserving the significance of the
real-time simulation. The control task implements a
PID controller for each joint. The presented simula-
tion requires the robot to follow a prescribed path,
consisting in driving each joint from 0 to 90 degrees
by two parabola arcs in about 5 seconds. Figures 4
and 5, show the angular position and positioning er-
rors of the two joints along the path; Figures 6-8
show the path of the end nodes of the two arms.

In order to reduce the execution latency, one of the
two processors is dedicated to the execution of the
MBDyn simulation task, whereas the other one exe-
cutes the control task, RTAILab’s simulation moni-
tor, and manages the system interrupts.
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FIGURE 4: Robot joint angular position
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1.01

y [m]

0.98
-1.02 -1.01 -1 -0.99 -0.98

x[m]

FIGURE 8: Robot end node 2 path detail

Note that the trajectory of node 1 basically implies
no axial extension of the first link, as expected, and
the positioning error at the extremity is essentially
tangential to the trajectory, related to joint position-
ing dynamics and very limited link flexural deflec-
tion; the trajectory of node 2 reflects the superim-
position of the two angular positioning errors, plus
some flexural deflection of the second link, which is
significantly less rigid than the first one. No friction
in the joints has been modeled, nor any electric mo-
tor internal dynamics has been considered; these as-
pects of robot simulation will be addressed in future
developments, pending substantial improvements of
MBDyn in these areas.

6 Conclusions

A general purpose multibody/multiphysics simula-
tion software has been modified to allow hard real-
time scheduling by means of RTAI/NEWLXRT. Its
application to simple control problems, in a Mat-
lab/Simulink Real-Time Workshop environment, un-
der RTAILab supervision, has been presented by



means of simple robot problems. The test cases de-
scribed above show how a general purpose simulation
software can be easily and proficiently transformed
into a real-time simulator, thus providing the real-
time simulation world a general analysis tool. A sig-
nificant advantage of this approach is that the real-
time simulations in principle might benefit of all the
improvements of the general simulation tool. How-
ever, the intrinsic performance limitations of a non-
optimized tool are apparent; although the proposed
approach will definitely benefit from the expected
continuous hardware development, the real-time ex-
ecution of multibody simulations will require some
additional software developments. The code MB-
Dyn already allows some parallelization of the as-
sembly and solution phases, by partitioning the prob-
lem, spawning the subdomain solutions on different
machines and collecting the interface problem on a
master node (10). While this strategy may not be
very promising for real-time, because of transmis-
sion latency uncertainties, a multithreaded approach
for SMP architectures might bring substantial per-
formance improvements.
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