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Abstract

This paper presents the multibody simulations of a coupled flexible mechanical system intended to be used
for DEMO studies on remote handling. The system comprises a very large kinematically redundant spatial
manipulator onto which is attached a flexible payload as a test bench for the blanket control problem. The
system model is based on a novel screw—based finite element formulation built on top of geometrically exact
beam theory and flexible multibody dynamics. The results show that payload flexibility must be taken into
account, even for slow systems such as remote handling equipment, in order to accomplish safe operations.
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1. Introduction

DEMO remote maintenance tasks will require ma-
noeuvring extreme loads with long-reach robotic
manipulators [I]. One of the major examples is the
installation/replacement of DEMO blanket multi-
segment modules (MMS) using articulated mecha-
nisms [2].

In nuclear fusion reactors, remote handling of in—
vessel components generates undesired vibrations:
therefore, in the last years a lot of effort has put on
studying the effects of flexibility in motion control
of DEMO remote handling equipment. To this end,
RACE/CCFE has recently installed the telescopic
articulated remote manipulator (TARM), one of
the three large articulated booms used in the JET
remote maintenance system. This experimental
system will facilitate the design, testing and perfor-
mance evaluation of adaptive position control sys-
tems (APCS) for DEMO remote maintenance [3].
In order to study the motion control of a fluid-like
flexible payload that could approximate to a MMS,
a flexible payload has been designed and manufac-
tured to be attached to the last flange of TARM [4].
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Recent approaches use artificial neural networks for
modeling large flexible machines for DEMO remote
maintenance [5l [6].

Differently, our strategy in this context is based on
physical modeling [7]. In this paper, we present the
multibody modeling and simulations of the TARM
with flexible payload, using the simulator developed
during the FlexARM project[[] In Sec. [2]we present
the mechanical design of the system, while in Sec. 3]
the modeling strategy, assumptions and dynamic
parameters used in this study. Section [ presents
simulation results, with conclusions given in Sec.
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2. Design description

The CAD models of the TARM with flexible pay-
load are illustrated in Fig. From one side, the
TARM system is rigidly attached to a supporting
steel frame; from the other side, it can be coupled
with tools and/or end—effectors: in this study, it is
attached to the flexible payload.

The TARM system [§] comprises a vertical tele-
scopic mast (from now on, axis B2), held in place
by the vertical telescope guide, which is attached
to the support frame. The lower end of the tele-
scopic mast is a rotary flange unit (from now on,
axis B3) to which the horizontal boom is directly
attached. The first joint, located below B3, is a rev-
olute pitch joint (known as Al). This also houses
the second joint, known as A2, which provides a
horizontal prismatic movement of 3.8 m. Attached
to A2 is a sequence of yaw joints, known as A3,
A3b and A4, which are all revolute in the vertical
axis. The joint A3b together with the rigid links
to A3 and A4, respectively, is a composite piece
known as the Boom Addition, that can be removed
if desired. The Boom Addition provides an addi-
tional 2m of reach. The next section, known as the
Boom Extension, is attached to the A4 (yaw) joint
and comprises two revolute joints A5 (pitch) and
A6 (roll), respectively. The Boom Extension can
be connected either directly to A3 or to the Boom
Addition. In this work, it is assumed that the Boom
Addition is used.

A flexible payload [4] is rigidly mounted to a flange
on the roll joint A6 at the end of the Boom Ex-
tension. The flexible load comprises both active
and passive parts. The active payload is made up
by a guided linear servo motor which accelerates a
rigid mass in a direction parallel to the pitch axis of
A5. This system can be used to study dynamic dis-
turbances to the TARM system. The passive part
comprises a slender vertical plate to which addi-
tional masses can be attached, there is also a cou-
pling such that the active system can excite the
passive system. These systems will be used in the
development and fine-tuning of the APCS.

~——passive payload

@ flexible payload
rigid masses

Figure 1: CAD models of TARM with flexible payload



3. Multibody dynamic model

The multibody dynamic model is based on a recent
screw—based finite element formulation for flexible
mechanical systems [9]. The same approach was
used to derive the dynamic model of the hybrid
kinematic mechanism for DEMO blanket remote
handling [I0]. In this section we first present the
equations of motion of a generic manipulator; then,
we describe the elements of the TARM model and
flexible payload.

3.1. Equations of motion

TARM with flexible payload is a generic flexi-
ble mechanical system where the manipulator is
composed by rigid links connected through kine-
matic joints, where the payload is considered to
be flexible. The effects of the joints connecting
the bodies could be taken into account by im-
posing a set of algebraic constraints, which pre-
vent the non—allowed motion as imposed by the
joint. A single rigid body is described by the mo-
tion of one node in its center of gravity, to which
a frame Hcoo € SE(3) is attached; a flexible
body is described by the motion of two extreme
nodes, to which two frames Hs4 € SE(3) and
Hp € SE(3) are attached and connected through
an helical shape function [II]. Indeed, the relative
motion between two nodes 1 and 2, belonging to
two different bodies, can be described by a rela-
tive frame H j; € Lie subgroup of SE(3) as Hy =
H,H;;. Collecting the motion variables in the
matrix H = diag(Hq,... JH,,Hj,,... 7HJ,k),
with n the number of nodes and %k the number of
joints of the system, the strong form for the global
dynamic equilibrium of the system take the form

.fea:t (H)

1)
where 1 contains the absolute and relative veloc-
ities of the nodes and joints of the system, M
and C' are the global discretized mass and veloc-
ity matrices; f,,, are the discretized global inter-
nal forces, including elastic forces of the beams and
elastic and dissipative forces of the flexible joints;
f, are the discretized constraint forces, with A the
Lagrange multiplier vector; f.,, are the discretized
global external forces, including also gravity. An
algebraic constraint equation ¢(H) = 0 must be
appened to the differential system to define a
differential-algebraic equation (DAE) system that
must be solved for (H, A). Finally, a geometric

M(H)n—C(H)n+f i, (H)+f,(H, ) =

implicit integration scheme and a Newton-Raphson
iterative method can be conveniently used to nu-
merically solve the DAE system [12].

3.2. Description of the model

The schematic model of the TARM with flexible
payload is illustrated in Fig. with the geometric
data given in Fig. 2B} as taken from the reference
CAD models. The connection point between the
longitudinal axis of the vertical telescope guide and
the mast column’s axis has been selected as the
origin of the reference frame.

The bodies of the TARM have been modeled using
rigid elements, since the cross—sections of the ele-
ments make the links very stiff: this was proved in
simulations in [I3] and in experimental tests made
at CCFE/RACE. Therefore, the TARM model
comprises 16 rigid links (14 rigid links as in [I4]
plus one rigid link for the vertical telescope guide
and one for the mast column), 9 kinematic joints
with 1 DoF (2 prismatic and 7 revolute), 6 rigid
constraints and one clamped element (the vertical
telescope guide). Each rigid element adds 6 DoF;
each joint removes 5 DoF; each rigid constraint re-
moves 6 DoF; each clamped boundary condition re-
moves 6 DoF. Hence, the TARM has a total of 9
DoF (+16-6—-9-5—6-6—1-6 =9). The frame
to support the TARM is added as well, and it has
been modeled as a rigid element.

In this paper we will study the effects of the passive
part of the payload: therefore, the part of the pay-
load from the flange to the vertical slender plate has
been modeled as a rigid element, while the passive
part has been modeled as a nonlinear beam element
with an attached rigid mass.

Table [T] reports the center of gravity, the mass and
the rotational inertia of each rigid body involved
in the model. The inertia properties of the rigid
bodies (mass and rotational inertia) have been es-
timated from the CAD models, or, when available,
taken from [I4]. Notice that for some bodies the ro-
tational inertia is not indicated: this means that we
were not able to estimate it from the available CAD
models (i.e. empty models, no material properties);
in this case we just consider lumped masses.

The joint definition and their maximum velocity are
reported in Table 2| The joint maximum velocities
have been taken from [I5], when available. The
only assumed velocities are: Al (1/10 of B3) and
A5, A6 (1/5 of B3).

The flexible part of the payload is an aluminum
rectangular plate with length I = 1.585 m and cross-
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Figure 2: Model of TARM with flexible payload

section dimensions b = 0.050m and A = 0.005m.
Since one dimension is dominant, we model it us-
ing beam elements. In particular, we use a fi-
nite strain geometrically exact beam model in-
volving all the components of deformations (ax-
ial, shear, bending, torsion) [16]. Table [3| re-
ports the cross-section and material properties of
the flexible payload. Notice that in this table the
shear corrector factors k, and k, for shear ar-
eas of rectangular sections are reported, together
with the torsion corrector factor kj;. These are
important for correcting the shear stiffnesses and
torsional stiffness of generic cross-sections. Since
the payload is initially parallel to the z-axis (i.e
vertical), the mass and stiffness matrices of the
cross-section are diagonal. The mass matrix is
given by M = diag(pA, pA, pA, pI,, ply, pJ), be-
ing pA the mass per unit length, I, and I,
the moment of inertia and J the polar moment
of inertia. Indeed, the stiffness matrix is given
by K = diag(GA,,GAy, FA,EI,, El,,GJ), being
GA, and GA, the shear stiffnesses, EFA the axial
stiffness, EI, and EI, the bending stiffnesses and
GJ the torsional stiffness.



Table 1: Positions and inertia properties in principal axes of the rigid bodies (position in [m]; mass in [kg]; rotation inertia in

kgm?])

rigid body CoG (z,y,2) m [kg] T Jyy ez
Support frame - 2000 - - -
Vertical telescope guide - 600 - - -
Mast column - 600 - - -
Al (-0.2634,0,-6.453)  498.3 - - -
A2 Outer (-1.228,0,-6.453)  807.1  120.887 737.179 667.858
A2 Inner (-0.955,0,-6.453)  447.1  39.282  477.411 448.426
A3 Saddle (-0.982,0,-6.453)  63.01 6.689 6.948 1.401
A3/A3Db Link (2.01,0,-6.453) 78.57 8.546 30.575  24.574
A3b Drive (2.79,0,-6.453) 53.43 0.639 1.362 1.461
A3b Extension (3.30,0,-6.453) 54.96 5.153 13.195 9.482
A3b/A4 Link (4.35,0,-6.453) 65.1 8.546 30.575  24.574
A4 (4.85,0,-6.453) 21.06 0.159 1.64 0.221
A4 Pin (5.03,0,-6.453) 5.03 0.015 0.016 0.005
A5 + Flange (5.2113,0,-6.453) 60.84 1.132 2.176 1.569
A6 Inner (5.47,0,-6.453) 32.45 0.629 1.063 0.889
Camera (5.5154,0,-7.054)  12.62 0.997 0.993 0.025
A6 Outer (5.7,0,-6.453) 52.13 1.989 1.436 0.867
Payload (rigid) (6.052,0,-6.453) 62 - - -

Table 2: Kinematic joint definition (P = prismatic; R = rev-
olute) and their maximum velocity (P: [ms~!]; R: [rads™!]).

joint  DoF joint type joint axis  VUmax

B2 1 P z 0.050
B3 1 R z 0.062
Al 1 R Y 0.0062
A2 1 P x 0.046
A3 1 R z 0.116
A3b 1 R z 0.052
A4 1 R z 0.062
A5 1 R Y 0.0124
Ab 1 R x 0.0124

Table 3: Cross-section and material properties of the flex-
b = base; h = height; A = area; kz,ky =
shear corrector factors; A;, Ay = shear area; kj = torsion
corrector factor; Ip,I; = second moment of inertia of the
cross-section; J = torsion constant; p = density; £ = Young
modulus; v = Poisson ratio; G = Shear modulus.

ible payload.

b 0.050 m

h 0.005 m

A b-h

kg 0.8333

ky 0.5909

A, ke A

A, ky - A

ky  1/(3+4.1-(b/h)*/?)
I, h-b3/12

I, b-h3/12

J kj-h-b?

p 2700 kgm 3
E 69 x 107 Nm—2
v 0.3

G E/2(1+v))




4. Simulations

The simulations were performed using the
FlexARM simulator [7], which can be used for
rigid/flexible multibody systems articulated in
generically complex topological structures and
connected to rigid/flexible payloads.

4.1. Simulation 1: simultaneous actuation

Simulation 1 shows the motion of the TARM when
all its nine joints are actuated simultaneously, with
point-to-point bang-bang acceleration profiles, at
their maximum velocities. This profile imposes a
constant acceleration in the start phase and a con-
stant deceleration in the arrival phase (triangular
profiles for the velocities and S—shaped profile for
the positions). The actuation holds for 10s, while
the motion is observed for 20s. Figure shows
a snapshot of the TARM at t = 0s, where Fig.
at t = 10s. The maximum joint velocities
are taken from Table 2} for an S—shaped profile,
the final position of each joint g; is calculated as
4f = Umag - t7/2, with t; = 10s, while the acceler-
ation as § = 4(qf — qi)/t?. The input trajectories
can be directly computed from the values of posi-
tion and acceleration of Table [d} thus, they are not
plotted here. Figure [4] shows directly the outputs
in terms of x, y and z displacements of the CoG of

(a)t=0s (b)t =10s

Figure 3: Snapshots of TARM with flexible payload (images
from the FlexARM simulator).

the six main elements of the TARM (see legend of
Fig. [4| and Table [1] for the initial positions).

In order to show the effects of payload flexibility,
we performed Simulation 1 again, forcing the pay-
load to behave as a rigid aluminum plate. Fig-
ure [5| shows the trajectories described by the tip
of the payload, with the two modeling assump-
tions: rigid and flexible aluminum plate. As we
can expect, the two trajectories differ and their dif-
ference increases from the start to the end of the
simulation. Let Tr = (2R, yr,2r) be the position
of the payload tip with the rigid assumption and
Tr = (zp,yr, zr) be the position of the payload
tip with the flexible assumption, we define a dis-
tance measure d(Tr —Tr) = d between the two tip
trajectories as

d=+/(zr —2r)2 + (yr —yr)2+ (2r — 2r)? (2)

which is plotted in Fig. []] The distance measure
increases for 10s from 0 to around 0.16 m; after
which it oscillates about this average value until
the end of the simulation (20s).



Table 4: Joint point-to-point motions with S profiles for Simulation 1. g;: initial position; gy: final position (P: [m]; R: [rad]).
§: acceleration (P: [ms™2]; R: [rads™2])

Joint B2 B3 Al A2 A3 A3b A4 A5 A6
qi 0 0 0 0 0 0 0 0 0
qy 0.250 0.31 0.031 0.230 0.58 0.26 0.31 0.062 0.062
q 0.01 0.0124 0.00124 0.0092 0.0232 0.0104 0.0124 0.00248 0.00248
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Figure 4: Outputs of Simulation: three-dimensional displacements of the six main elements of the TARM.
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4.2. Simulation 2: consecutive actuation

Simulation 2 considers the consecutive actuation of
the nine joints: each joint actuates for 10s, thus
the total duration of the simulation is 90s. Fig-
ure [7] shows the input trajectories of the joints:
when they are actuated (for 10s), they follow a
trapezoidal velocity profile. This motion profile im-
poses a constant acceleration in the start phase, a
cruise velocity, and a constant deceleration in the
arrival phase. The resulting trajectory is formed by
a linear segment connected by two parabolic seg-
ments to the initial and final positions. The final
positions for each joint are the same gy values re-
ported in Table [d] and, once reached by the joint,
they are kept constant for the remaining part of
the simulation. The first phase (constant accel-
eration), second phase (cruise velocity) and third
phase (constant deceleration) of the trajectory last
respectively 2.5s, 5s and 2.5s. The resulting posi-
tion trajectory is different from the S—shaped one,
which can be seen as a particular case of trapezoidal
velocity profile where the second phase (the one at
cruise velocity) lasts 0s. The difference between
the triangular velocity profile and the trapezoidal
velocity profile is that the latter, for equal final
position gy, allows reducing the maximum veloc-
ity. Indeed, with the combination of three phases
used in this simulation (0.25;0.50;0.25), we have
that Umazx,trapezoidal = 3/4 * Umaz,triangular-

Figure |8 shows the output of Simulation 2, namely,
the three components of displacements for the six
main elements of the TARM. As done before, we
plot the trajectory of the payload tip, once assum-
ing the aluminum plate to be rigid, once assuming it
to be flexible (see Fig. E[) Again, we notice a differ-
ence in the trajectories mainly in the final part. As
we can see from Fig. the distance measure (com-
puted using Eq. when all joints reach their final
values ¢y is approximately the same as Simulation
1 (around 0.16m). However, there are two great
raises: the first one from almost Om to 0.05m in
the temporal range 20 s to 30 s and the second from
around 0.05m to 0.15m in the temporal range 70s
to 80s. These two raises correspond respectively to
the motion caused by Al and A5 joints: the mo-
tion about y— axis is the main source of flexible
behaviors, thus movements about this axis should
be minimized. Another movement which induces
a major source of flexibility is the one in the last
part of the trajectory (movements about x—axis,
from 80s to 90s). Indeed, movements about z—

axis produces mainly oscillations around the same
average value of distance.
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5. Conclusions

In this paper we presented the dynamic model-
ing and simulation of the TARM with a flexible
payload. The system model is based on a novel
screw—based finite element formulation for flexible
mechanical systems. We started by describing the
mechanical design of the system. Then, we de-
scribed the system model in terms of rigid and flex-
ible bodies, joints, constraints and boundary con-
ditions. The simulations consider the manipulator
to be rigid and the payload to be flexible. Even
for the very slow motion typical of remote handling
equipment, the use of rigid payload models gives an
approximation (~ 0.2m) which is unacceptable for
manoeuvring components in tiny spaces as tokamak
machines.

Predictive models can provide a great insight
into manipulator—payload behavior and interac-
tions: therefore, they are a prerequisite for design
of control systems for remote handling equipment
in challenging domains as DEMO.
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