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Abstract

This research combines the strengths of modal order reduction, Simscape Multibody and Ansys to come up with a novel
method to determine transient stresses in a fairground attraction. Currently, many of these structures are designed
using static load cases. This study shows that these load cases can overestimate the stresses greatly in highly dynamic
structures. Also, dynamic effects like vibrations within the structure are not considered, possibly resulting in underesti-
mates of the stresses in other places. This method is therefore not suitable for structures like fairground rides. On the
other hand, full transient structural analyses are computationally expensive to run. The method outlined in this paper
obtains a similar accuracy compared to a full transient study, but by using only a fraction of the computational time.
This also enables the model to be used in real time applications of determining the dynamic behavior of structures.
Furthermore, as this model is built up within Simulink, the powerful tools within the electrical and control domain
provided by Simulink are easy to apply on this structural model. A fairground attraction is used as a practical scenario
to apply this method on. The paper concludes by extensively comparing the results of the new method with the load

cases and full transient structural analysis.
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1. Introduction

Accurate and easy modeling of dynamic structures en-
ables designers to effectively optimize the geometry and
weight of a design. These aspects are of great importance
considering fairground attractions, since large swinging
motions and rotating masses induce high dynamic load-
ings. These motions, in combination with possible vibra-
tions occurring within the structure, means material fa-
tigue is an important consideration. On the other hand,
these attractions must be easy to transport and assemble
to travel from fairground to fairground. Therefore, it is
essential for these attractions to be light weight. The as-
sessment between strength and weight calls for an accurate
modeling technique to get to a design both lightweight and
strong.

Classical linear FEM is often used to determine the
deformation and stresses of such attractions. For exam-
ple, one could model the structural components of moving
parts as a rigid multibody system. Constraint forces over
time can be determined at the joints between bodies from
which load cases can be derived. Although giving a gen-
eral idea about the dynamic response and internal loads
in this structure’s bodies, more complex dynamic behav-
ior like the intricate influence on deformation of one body
on other bodies cannot be derived with this quasi-static
approach.
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Conversely, looking at moving bodies that are not
rigidly connected to the fixed world, for example the seat-
ing structure of the ride, the movements are large and geo-
metrically nonlinear. They therefore cannot be simulated
using linear FEM. Also, as will be shown, the current state
of the art using quasi static load cases is not appropriate
to accurately describe the stresses in these bodies, due to
them not being connected to the rigid world. Besides this,
these load cases are also unable to predict vibrations and
resulting metal fatigue within these bodies.

A different approach would be to perform a full flex-
ible analysis using nonlinear FEM. Here, each body gets
meshed and solved using nonlinear FEM at the same time.
This enables to see how bending and dynamic behavior of
bodies influence the structure and constraint forces. The
main disadvantage of this method is that this nonlinear
model is computationally expensive to run. Also, solving
for a full mesh for each time step results in a lot of degrees
of freedom to solve for and a nonlinear FEM model is hard
to reduce.

In an effort to solve aforementioned shortcomings, this
paper will describe a novel method capable of solving these
geometrically nonlinear structures whilst keeping compu-
tational costs low. This is done by combining the strengths
of the existing software packages Simscape Multibody,
Matlab and Ansys. Using this method, one can quickly
set up a study evaluating the dynamic behavior of these
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Figure 1: Layout of a KGM Afterburner. The main beam (2) swings
backwards and forwards while the seats (1), rotates simultaneously
along the axis of the main beam. The frame (3) always remains
stationary. The red, green, and blue arrows indicate the location of
the local x, y, and z axis, respectively

complex moving structures and quickly analyze transient
stresses in the body. This method extends on the method
described in [1], which uses modal order reduction to eval-
uate flexible behavior of bodies within Simscape Multi-
body. Although the rigid body motions are nonlinear, this
method uses a local frame fixed to each body to deter-
mine the flexible behavior using linear FEM. With the
new approach provided in this paper, tools have been set
up to quickly import an existing CAD design into Simscape
Multibody. Modal superposition is implemented by com-
bining Ansys and Matlab to determine the mode shapes.
This enables the transient stresses within a body to be
determined quickly. The complete procedure to set up a
model like this, starting with a CAD-assembly to simu-
lating flexible behavior to getting deformation and stress
data, will be discussed extensively. Results will be com-
pared to other methods in order to validate its accuracy
and shortcomings.

As a practical load case, a fairground attraction called
the Afterburner manufactured by KMG will be used. This
attraction consists out of a swinging pendulum driven from
a hinge at the top with a rotating frame with seats con-
nected to the bottom end, see Figure 1. This attraction
is also representative for many other rides that are pen-
dulum like and consists out of beams. The main focus of
this research is to get a fast and accurate flexible model
for the main beam of this structure, as this body has a
complex but repetitive dynamic loading in multiple direc-
tions which are hard to determine using traditional static
methods or hand calculations.

The outline of this paper is as follows: Before explain-
ing the new method, the currently used method using load
cases will be discussed in section 2. The new method based
on [1] will be shortly explained in section 3. Next, the

modal order reduction strategy used will be discussed in
section 4. After this, the newly developed method will
be extensively discussed in section 5. This method will
be optimized by validating the results to a full transient
study using a cantilever beam in section 6. Applying this
method on the Afterburner, the results will be shown and
discussed in section 7. The paper will end by recapturing
the conclusions in section 8.

2. Industrial state of the art

The current state of the art uses load cases to deter-
mine the strength of individual components within such a
construction. A commonly used method to set up these
load cases starts with a rigid multibody analysis. The con-
straint forces and moments over time between bodies are
recorded. For each time step, loads are combined into data
points. For a 3D model, these data points consist out of 3
forces and 3 moments for each interface. The data points
can be plotted for each time step in a 6-dimensional graph.
Now, a 6-dimensional box can be drawn enveloping each
data point. The corners of this box, 64 of them, will con-
tain combinations of the minimum and maximum forces
and moments that occurred during the simulation. These
combinations, multiplied with the required safety factors
enforced by the regulations, result in load cases which in
turn are solved for within a flexible FEM modal in a static
way. Note that these combinations are not occurring in
real live but are commonly (much) fiercer. The thought
is that if a structure can withstand these corner points of
the envelope, it can withstand all combinations inside this
envelope. As will be shown later in this paper, this leads
to rather conservative designs. Using methods that more
closely resemble the occurring stresses within a structure
will often lead to large material and weight savings com-
pared to using aforementioned load cases.

A package that can be used to perform such a rigid
multibody simulation is Simscape Multibody. This is an
extension package on Matlab Simulink. Rigid multibody
structures can easily be set up in a method comparable
to how Simulink works. The main differences are that
Simulink blocks here correspond to bodies or joints instead
of (transfer) functions, and connections between blocks
do not correspond to numerical data, but rigid connec-
tions between bodies of the structure. Tools exist that
can import assemblies from CAD programs directly into
Simscape as rigid multibody models. A strong advantage
of Simscape Multibody is that these models can use the
powerful tools of Simulink to be applied on rigid multi-
body structures. It is, for example, easy to set up multi-
disciplinary studies, as control systems and electrical com-
ponents can be included without much effort. Also, the
user interface will be easy to understand when one has
some experience with Simulink.

Modeling the Afterburner, and many similar
(fairground) attractions, is straightforward. Looking at
Figure 1, only 2 actuated joints are present: one enabling



the pendulum motion located between the top of the main
beam (2) and the rigid frame (3), and one enabling the
rotation of the seat located between the main beam (2)
and seat structure (1). A simplified view of this model in
Simulink can be seen in Figure 2.

The sweeping motion of the beam is controlled by a
flip-flop controller, whilst the rotating motion of the seat
is kinetically driven to ramp up to a constant speed. The
study starts from a static situation, and slowly ramps up
to a sweep angle of 120°. The seats speed up to a speed
of 15 rpm.

The constraint forces and moments acting on both the
top and bottom of the beam are logged. These points
can be processed into load cases as described in the be-
ginning of this section. However, two sets of load cases
can be extracted from this data: one where the load cases
are applied on the top of the beam using the constraint
forces and moments from this top frame, and one with the
load cases applied on the bottom of the beam using the
constraint forces and moments of the bottom frame. As
both sets represent the same structural problem, both sets
should result in similar stresses. However, as will be shown
in subsection 7.1, this is not the case, again indicating that
using load cases is not an accurate method of determining
the stresses within a dynamic structure.

3. New method:
Multibody

Flexible bodies in Simscape

As discussed in the previous section, Simscape Multi-
body is initially only intended for rigid multibody struc-
tures. Recently, however, a new method has been proposed
by (S. Miller et al. 2017) enabling this software to also be
used for flexible multibody structures. This is done by su-
perimposing flexible behavior up on the previously defined
rigid bodies. The most promising method discussed is the
finite-element import method’. Following this method,
the previously rigid bodies are replaced by bodies includ-
ing "Deflection Joints’ at each interface, see Figure 3. The
deflection joints measure the motion (displacement, veloc-
ity, and acceleration) between the interface of a body and
the body itself and calculates the reaction force on these
joints according to the linear equation of motion:

Mii+Da+Ku=F (1)

Here M, D and K are the local mass, damping and
stiffness matrices for the flexible behavior of all the deflec-
tion joints of the body, respectively. These matrices repre-
sent the mass, damping and stiffness properties that each
joint feel when moved relative to its undeformed position.
u is the vector containing displacements and rotation of
each frame relative to its undeformed position. The direc-
tion of these displacements is expressed in a local frame
rigidly connected to the body, from here on called body
fixed frame. The flexible behavior of a body is described
in the local frame. This means that the displacements of

this equation of motion remains small for stiff parts, which
means that the assumed linear nature of this system does
not introduce large errors due to non-linear flexible behav-
ior. For a 3-dimensional body with 6 degrees of freedom
per frame and 3 frames, u has 18 entries. This also implies
that the matrices of Equation 1 in this case must be of size
18 x 18. F' is the vector with forces and moments applied
to the joints that occur because of the inertia, damping
and stiffness of the body.

When the matrices are derived, these can be imported
into the flexible body model within Simscape. If this is
done, the original rigid body block can simply be replaced
with the suitable flexible body block. For the Afterburner,
this implies replacing the "Beam Rigid (2)’ block from Fig-
ure 2 with a block built up like Figure 3. The top and
bottom boundary frames of the beam are connected to
'F1” and 'F3’ from Figure 3. Frame 'F2’ is the body fixed
frame which is placed in the center of mass; it has no ex-
ternal connections. No further changes must be made to
the Simscape Multibody study, making the process easy if
a rigid body model of the structure is already on hand.

4. Modal order reduction

As discussed in the previous section, the mass, damp-
ing, and stiffness matrices needs to be reduced to the right
format before they can be implemented in the flexible Sim-
scape model. This section will first explain how to de-
rive these matrices for the boundary frames using Craig-
Bampton modal order reduction. After this, these matri-
ces will be extended to also include internal modes. Sec-
tion 5 will continue with explaining how implement these
matrices into the flexible multibody model.

4.1. Craig-Bampton boundary modes

The mass, damping and stiffness matrices should be
derived for a unit displacement in each degree of freedom
(3 translations and 3 rotations) for each boundary node.
To achieve this, Craig-Bampton model order reduction is
used [2]. To do so, the stiffness matrix is first sorted such
that boundary and internal nodes are grouped in the fol-
lowing partitioned form:

_ K K.
e @

The indices ¢ and b correspond the internal and bound-
ary nodes, respectively. The boundary nodes consist out
of the previously defined boundary frames and the body
fixed frame. Mpgy is partitioned in the same way. The
Craig-Bampton boundary modes can be set up:

I
Pos = [K#Kﬂj )

Here, I is an identity matrix. K;; and K;, are the
quadrants of Kggy. Pre and post multiplying Mpgy and
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KreMm give the matrices in the correct form to be used in
the Simscape model:

Kep = L3 Krem®con

Mcp = L Mrpv®on

(4)

The [ |7 indicates the transposed of the matrix. The
resulting matrices are square and symmetric and have a
size of 6 times the number of boundary frames, that is,
3 translations and 3 rotations for each frame. The or-
der in which these frames are sorted corresponds with the
order defined in Kp,. In the case of the Afterburner, 3
frames are defined, resulting in 18 by 18 matrices. This
also means that the number of degrees of freedom has re-
duced significantly, enabling faster simulation times. The
Craig-Bampton modes corresponding to the top and bot-
tom can be seen in Figure 4 and Figure 5 as an example.

4.2. Internal modes

Craig-Bampton modes only define displacement of the
boundary frames. In practice however, when these points
are fully constrained, parts of the beam can still vibrate.
Examples of such internal modes for the beam can be
found in Figure 6 and Figure 7. Depending on the ge-
ometry and loads on the body, these modes can form a
significant part of the total response of the structure. Not
taking these modes in to account, may therefore reduce the
accuracy of the model. To solve this, the Craig-Bampton
matrices can be extended to also include these internal
modes. To do this, first the internal modes must be calcu-
lated using the standard equation for eigen modes, but
with the boundary frames fixed by removing its corre-
sponding rows and columns from the mass and stiffness
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Figure 5: 6 Craig-Bampton modes corresponding to the bottom
boundary frame. The color indicates the displacement relative to
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Figure 7: First 4 internal modes of the part of the beam above the
center of mass. The color indicates the displacement relative to the
undeformed model. Axis units are in meters



matrix:

(MFEM, fixed — WEKFEM,ﬁxed) Pk =0 (5)

where k corresponds to internal mode k.

Although it is possible to consider all internal modes,
it is generally not needed for accuracy. Normally, only the
few smallest internal modes cause for most of the flexi-
ble behavior. For example, according to [3], only internal
modes with frequencies up to 4 times the highest frequency
present in the constraint forces have to be taken into ac-
count; internal modes with frequencies higher than this do
not have a significant effect on the total flexible behavior.
Therefore, only the eigenvectors in ®;,; corresponding to
these few modes are taken, here called ®,. This can be
appended to Equation 3 like:

I 0
® = [K#KM én} (6)

Pre- and post-multiplying in accordance with Equa-
tion 4 results in the mass and stiffness matrix including
the internal modes. For each internal mode, 1 extra row
and column is added to the matrices. For example, a 3D
body containing 2 boundary frames, 1 body fixed frame
and 2 internal modes will have 2 x 6 + 1 x 6 + 2 = 20 rows
and columns in its matrices.

5. From CAD design to transient stresses

To perform a flexible multibody simulation in Sim-
scape, many properties of the bodies must be processed
and imported, like the matrices discussed before and the
dimensions of the body. This process is quite involved, as
it requires multiple different programs to work together.
This study automates this process to a large extend. For
this, Matlab is used as the programming environment be-
cause of its close integration with Simulink and Simscape.
The resulting process is graphically represented in Fig-
ure 8. Upcoming part of the paper will discuss each pro-
cess block of this figure extensively. It is assumed that a
CAD design and rigid multibody Simscape study are al-
ready available.

5.1. Ansys Workbench

To start, a mesh should be created from the CAD de-
sign of each body that needs to be modeled flexibly. From
this the mass and stiffness matrices Mpgym and Krewm
can be derived for these bodies. Also, boundary frames
must be defined to connect other bodies to in the Sim-
scape model. These frames must be rigidly connected to
the nearby nodes in the mesh to prevent rigid body modes
of these frames. It should be ensured that the nodes cor-
responding to these frames have both translational as ro-
tational degrees of freedom, as commonly nodes within a
FEM mesh do not have rotational degrees of freedom. Fur-
thermore, because the flexible behavior is expressed in a

local, body fixed frame, the position of this frame must
be chosen. For accuracy, it is best practice to place this
frame in the center of mass and connect this frame rigidly
to the FEM mesh [4]. Also, this frame should have both
translational and rotational degrees of freedom.

For the main beam of the Afterburner, the first frame
is placed at the joint near the top of the beam where it
connects to the static frame as can be seen in Figure 1.
The second frame is placed at the bottom of the beam,
where it connects to the seat structure. Furthermore, a
frame is placed in the center of mass, connected to the
perimeter of the hollow beam.

For this study, Ansys Workbench is used because of the
easy to use user interface, making the process more acces-
sible to less experienced people. However, this method is
not limited to Ansys Workbench as other FEM programs
can also be used, as long as it is possible to obtain the mass
and stiffness matrices and the nodal locations. The bound-
ary frames are placed at so-called 'remote points’ that are
rigidly connected to nearby nodes. The main disadvantage
of using Ansys Workbench is the limited options to select
only a few nodes to connect these remote points to, which
can result in large parts of the body becoming rigid. Other
FEM programs might offer more options to prevent this.
Next, using an APDL command snippet, Mgrgry, KreMm
and the locations of each node is exported into text files.
Depending on the size of the matrices, these files can be-
come large and take long to process. A trade off must be
made between the size of these matrices and accuracy of
the mesh.

5.2. Data preparation

Now the full mass and stiffness matrices are known,
they can be reduced in the same method as discussed in
section 4. This makes the matrices much easier to han-
dle, as their size is greatly reduced. Now, a few more
steps are required to prepare the data to be imported into
Simscape, which will be explained in upcoming sections.
First, a damping matrix must be derived from the reduced
mass and stiffness matrices. Then, these matrices must be
converted into a state space formulation which can then
be imported into Simscape. Furthermore, the mass of the
body must be divided over its boundary and body fixed
frames. Multiple methods of dividing the mass will be
discussed in the final subsection.

5.2.1. Damping

Damping is added for this model to mimic the damping
properties of the real-live construction. This has the added
benefit to prevent energy build op in the flexible bodies,
causing the system to become unstable over time.

In the current model, Equation 1, viscous damping
can be added straightforwardly. Two common damping
models are often used: proportional damping and modal
damping [3]. Choosing the damping model and ratios is
not straightforward, as this not only depends on mate-
rial properties, but also on the geometry of the body. In
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where

Kcg,i
a=—Kcppw — McBpi—e——
MCB,Z'L
Lcs,a
b= —Lce,ww — McB i :
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This system uses 11, i and u combined into a vector as
input (u) and outputs the reaction forces in each degree of
freedom (y). Internal modes are handled inside the state-
space system and are part of the state vector (z). As
Simulink does not output the state vector in its State-
space block, the C matrix is appended with the identity
matrix and the D matrix is appended with zeros to match
the number of rows of the C matrix. In this way, the
excitation of internal modes and its derivatives are added
to the output vector y and can be used for verification.

5.2.3. Mass division

In the Simscape model, the boundary frames are not
rigidly connected to the rest of the body and do not have
any inertia, as is shown in Figure 3. In Simulink, this re-
sults in unstable system behavior because a force is put on
a massless object resulting in high accelerations. To solve
this problem, some inertia must be added to the external
nodes. Two methods are compared:

First, as common in classical flexible multibody dy-
namics, only mass is put on the body fixed frame. To pre-
vent unstable behavior, in this application it means the
mass on the external frames should be as low as possible
without causing high simulation times or instability. To
do so, a small portion of the total inertia of the body is
subtracted from the body fixed frame and added to each
boundary frame. An assessment must be made to find the
optimum portion of mass put on the boundary frames.

Second, the inertia of the body can be equally divided
over each body such that each boundary frame reflects its
adjoining part of the body. This process has many sim-
ilarities with mass lumping when using a lumped system
approach. There is, however, no consensus on how the to-
tal inertia of the system must be divided over the three
frames [3, 5, 6]. An advantage is that the inertia proper-
ties of the deformed beam are more accurately reflected in
the total multibody system [1].

Multiple methods of mass lumping have been com-
pared. However, many either result in negative inertias
which are not supported by Simscape or require shape
functions of the body which, due to the complex geom-
etry, are not available in this case. A commonly used
method is the HRZ lumping method, because of its sim-
plicity and relatively good accuracy [7]. Here, the trans-
lational mass on the main diagonal of the Craig-Bampton
matrix is summed. Because cross terms are neglected, this
sum does not correspond exactly to the real mass of the

body. This difference in mass has been compensated for
by multiplying the mass on each frame with the same con-
stant in order to keep the total mass correct. The rota-
tional inertias on the main diagonal are also multiplied by
the same constant. All off-diagonal terms are set to zero.
This method normally results in a good mass division, but
rotational inertia is less accurate. Generally, this does not
impose large errors because the rotational inertias only
have a minor influence on the flexible behavior of a body
[3].

Both methods are being compared to each other in sub-
section 7.2.

5.8. Simscape

The only change that needs to be made in Simscape is
replacing the rigid body block with a flexible body block.
This block builds upon the work done by MathWorks [1]
to automatically import the right data setup in the pre-
vious step from the Matlab Workspace. What is new is
that this block also stores its deformation data, consisting
out of participation factors of each Craig-Bampton mode
and each internal mode for every time step, in the Matlab
Workspace so it can later be used for further processing.

For this study, the ’daessc’ solver provided with Sim-
scape Multibody is used in its default settings, as this
proved to be a fast solver with accurate results. Opti-
mizing the solver settings might improve simulation speed
or accuracy and stability, but the default settings seem to
work quick and reliable with this system.

5.4. Setup APDL script

This model uses modal superposition to determine the
stresses inside a body. This process will be discussed more
extensively in subsection 5.6. The problem is that for each
Craig-Bampton and internal mode a static structural anal-
ysis must be performed to determine the stresses occurring
during each mode. As setting up a study manually for
each mode is laborious, this Matlab script automates this
process by setting up an Ansys APDL file containing the
deformations for each boundary node during each mode.
This file can simply be imported into Ansys APDL where
all studies automatically run successively, and all data is
stored in text files.

A possible disadvantage of this method is that, based
on the FEM software used, this method is unable to work
with internal modes. The culprit here is that some FEM
programs do not determine stresses when performing a
modal study, making modal superposition impossible.
Switching to other FEM programs might offer a solution.
In this research, it is assumed only the Craig-Bampton
modes result in stresses; stresses due to internal modes
are neglected. As the natural frequency of the internal
modes is much higher than the occurring frequencies in
the construction, this is not a large problem for this case.
However, depending on the geometry of the body, this as-
sumption might have a large effect on the results.



5.5. Ansys APDL

The APDL script set up at the previous section is im-
ported and run in Ansys APDL. This will perform the
static structural study for each Craig-Bampton mode suc-
cessively for each boundary frame defined in
subsection 5.1.

For example, the first mode consists of all frames being
fixed at their original position, only with the first frame
displaced 1 meter in the x direction. The deformations,
normal stresses and shear stresses at each node are cal-
culated and exported into a text file. Then, this process
is repeated until each Craig-Bampton mode is calculated.
The body fixed frame is fixed during each study, as the
local frame used during the study in Simscape multibody
is rigidly connected to this frame. A total of 6 studies for
each boundary frame are performed. In case of the After-
burner, having 2 boundary frames, this thus results in 12
studies.

5.6. Combining data: Modal superposition

Commonly, the deformation data derived in the previ-
ous section is used to perform a transient structural anal-
ysis. This process will be explained in detail in section 6.
Performing a transient analysis, however, means perform-
ing the time integration and solution convergence twice;
once during the simulation in Simscape and once in the
FEM package. Also, determining the stress for a com-
plete mesh is computationally expensive. In Simscape, the
possible deformation shapes are limited by the number of
Craig-Bampton and internal modes considered. Having to
solve for the full FEM mesh at each time step is therefore
of no use, as the accuracy is determined by the number
of deformation modes considered, not by the number of
nodes in the FEM mesh.

A more effective way to simplify the stress computa-
tions is using modal superposition of the stresses. From
the Simscape study, it is already known how much each
mode is excited at each time step. From the previous sub-
section, the stresses occurring with each Craig-Bampton or
internal mode are known. Now, multiplying the stresses
per mode by its flexible coordinate 1 and adding the results
of the different modes together results in a good approxi-
mation of the total stresses at each point in the mesh:

o= Zmai (9)
i=1

Here, o being the tensor with normal and shear stresses
in each direction for each point in the mesh, n the number
of modes taken into account, n; the participation factor of
mode 7 and o; the normal and shear stresses at each node
for mode 4. This function can be repeated for each time
step to obtain the stresses over time.

The modal superposition is executed within Matlab, as
it makes it easy to use the data gathered previously from
Simscape. To start, Matlab imports the displacement data
from Simscape and the stress per Craig-Bampton-mode

from the text files. For each timestep, the normal and
shear stresses are multiplied by the flexible coordinate of
each Craig-Bampton mode and added to the result of the
other Craig-Bampton mode shapes, like Equation 9. This
results in the normal and shear stresses and displacements
in each local direction at each time step.

With this information, it is possible to retrieve the
stresses and displacement of each node at each time step.
This data can for example be used for constructive evalua-
tion or fatigue studies. The Von Mises equivalent stress is
also calculated from the individual stress directions. This
is later used in this study for comparison with Ansys Work-
bench.

6. Validation with Ansys Workbench

Using modal superposition to describe the stresses and
deformation of the body requires some assumptions to
be made. The main assumption is that the deflection of
the body can be fully described by a combination of its
Craig-Bampton modes of the boundary frames. To val-
idate whether these assumptions and simplifications are
accurate, the results are compared to a second method for
determining the stresses.

This method starts with the same deformation data of
the boundary frames as used with the method explained
in the previous section. The deformation of the boundary
frames with respect to the body fixed frame is imposed
on the same boundary frames in Ansys Workbench. The
body fixed frame is kept stationary, as Ansys Workbench
does not support rigid body movements. It is assumed that
effects of the rigid body motion, like the shifting direction
of gravity, is already present in the deformation data of the
boundary frames and should therefore not be compensated
for.

Analytically, the main difference of this method com-
pared to Simscape, is that the position and stresses of
each node are not prescribed based on the Craig-Bampton
modes as the model is solved for a full mesh. This means
that the deflection of each node within the body is not lim-
ited to the deflection described by a limited combination
of modes but is free to take on any position. From this
view, this method offers a more accurate representation of
the real world. On the contrary, this method is computa-
tionally more expensive than modal superposition.

To import the data from Simscape into Ansys, it should
be converted to a data structure compatible with Ansys
Workbench. For this reason, two important assumptions
must be made:

First, Ansys Workbench is unable to work with large
data structures. As Simscape Multibody uses small time
steps to come to an accurate and stable result, the amount
of time steps is rather large. To decrease the number of
steps, the deformation data is resampled using a lower
sample frequency. For this, first a fast Fourier transform of
the deformation has been made to analyze the frequency



content of the deformation data. From this, it can be
seen that there are barely any vibrations present in the
Afterburner above 10 Hz. The data should therefore be
resampled at at least the Nyquist frequency of 20 Hz. To
account for some margin of error, the data is resampled at
40 Hz.

Secondly, the rotation convention between Simscape
Multibody and Ansys Workbench is different. Simscape
Multibody can export rotations as either axis-angle,
quaternions or 3d rotation matrices. It is also possible
to get the rotation of the boundary frames by requesting
the participation factors of each rotational Craig-Bampton
mode. The rotation order of this method is the extrin-
sic x-y-z Tait-Bryan angles. Ansys Workbench on the
other hand uses the intrinsic Z-X-Y Euler Angle sequence.
Transforming between those conventions can be complex
as the solution is not always unique.

Generally, however, rotations due to deformation are
small. In the case of the Afterburner, the rotation in any
direction is at most 0.013 radians. Therefore, it is assumed
rotations are linear, making rotation order unimportant.
This removes the need for converting one convention into
the other as the rotational data can directly be taken from
the Craig-Bampton participation factors and applied in
Ansys Workbench.

To import, the translation and rotation data is con-
verted into a xml-file used by Ansys Workbench to import
displacement data for a transient analysis. This results in
6 separate files per boundary frame, which can be assigned
to each degree of freedom of each boundary frame. After
this, the simulation can be run. The resulting data will be
compared in the next section.

7. Results and discussion

This section is divided into three subsections. First,
the Afterburner will be simulated using the current state
of the art as discussed in section 2. This method uses
the rigid multibody Simscape model to determine the con-
straint forces and moments on the main beam. Static load
cases are determined from these constraint forces and mo-
ments. The results between the two sets of load cases, with
the forces either applied at the top or bottom boundary,
will be compared and discussed.

Now a baseline is set using the rigid multibody model,
the results can be compared to the flexible multibody
model of the Afterburner. First, however, some model set-
tings and the model accuracy will be tested on the beam
when rigidly fixed at its top. Using this setup, the in-
fluence of the mass division and internal modes on the
accuracy and simulation time is compared to a transient
structural analysis. The optimal settings for simulating
the Afterburner will be derived using the results.

In the final subsection, the flexible response of the
beam of the Afterburner will be simulated following the
method described in section 5, using the optimal settings
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and the flexible multibody model. The constraint forces
on the beam will be compared for the rigid and flexible
multibody model. After this, transient studies using An-
sys and modal superposition are compared.

During this section, all directions mentioned are in the
local body fixed frame of the beam, see Figure 1. In
graphs, the z-direction is marked red, the y-direction is
marked green and the z-direction is marked blue.

7.1. Industrial state of the art: Load cases

The constraint forces and moments on the beam are
recorded for both the top and bottom boundary frame us-
ing a rigid multibody simulation. For one period of the
sweeping motion, the results of the rigid multibody study
can be found in Figure 9 and Figure 10. Note how the mo-
ments in transverse direction due to the gyroscopic effects
of the rotating seats are larger than the actuating torque.

As noted in section 2, the current state of the art is to
use the maximum and minimum values of these forces over
time to set up load cases. In this case there are 6 loadings
(3 forces and 3 moments) making up for 64 load cases.
To evaluate these load cases, the beam is rigidly fixed to
one boundary frame whilst a load case is put on the free
boundary frame. This is done for both the top and the
bottom boundary. For each node, the maximum occurring
Von Mises stress during all 64 load cases is recorded. These
results are displayed in Figure 11 and Figure 12.

Examining these figures, it is clear that the location of
where the beam is clamped has a great effect on the results.
The maximum stress is different for both cases, with the
load case applied at the bottom boundary frame result-
ing in lower stresses. Furthermore, the location where the
maximum stress occurs is different for both cases, as it is
located near the clamped end as expected for a cantilever
beam. Allin all, the results are significantly different when
clamping the top frame compared to clamping the bottom
frame, where in practice, both studies should yield the
same results because the same rigid multibody problem is
solved. Clearly, this method, which is the current state
of the art, is not suitable to determine the stresses in this
case where the beam is not rigidly connected at either end.

7.2. Model optimization

Before applying the novel method on the Afterburner,
some values can be optimized to improve accuracy and
decrease computational costs. These studies also give an
indication about the accuracy of the flexible model used
in Simscape. In this paper, attention will be paid to two
important factors: the weight distribution and the internal
modes.

For the optimization studies, the beam is rigidly con-
nected at its top side. Two studies have been executed:
one static and one dynamic. For the static study, a con-
stant loading of —100kN is put in the x direction. The
displacement of the end in the x direction is compared
between the results of the modal order reduced model of
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Table 1: Effect of internal modes on the frequency response

Nr of Frequency Static ?ilrrnneulatlon
internal | difference difference Simscape
modes (%) (%) (s)

0 16.77 0.27 2.2

2 16.77 0.27 2.2

4 16.73 0.27 3.0

40 16.73 0.27 10.0

Simscape and a fully meshed model in Ansys Workbench.
For the dynamic study, the main vibration frequency in
this direction is compared by giving the beam a short im-
pulse on the free end and letting it vibrate freely. Again,
the Simscape model is compared to the Ansys Workbench
model.

To start, the influence of internal modes is evaluated.
For this study, HRZ-lumping is used for the mass division.
The results for different amounts of internal modes can
be found in Table 1. The frequency difference is defined
as \“’Wbiv:bwc , with wy1, the lowest vibration mode in Ansys
Workbench and wg. the lowest vibration mode in Simscape
Multibody.

It is striking that increasing the internal modes barely
has any effect on the frequency response and static dis-
placement. For the static displacement, this behavior is
expected, as internal modes do not influence the static
displacement of the boundary frames. A possible explana-
tion for the dynamic behavior can be found in [3], which
states that internal modes with frequencies more than 4
times higher than the main excitation frequency do not
have a significant influence on the dynamic behavior of
the system. Looking at Figure 6, the lowest internal mode
has a frequency of 72.24 Hz, whereas the main frequency
is more than 4 times lower with 8.80 Hz, fulfilling this rule
of thumb. Increasing the number of internal modes does
increase the simulation time of the Simscape Model, al-
though many internal modes have to be considered for the
simulation time to increase significantly.

Secondly, the two methods to divide mass over the
frames discussed section 5.2.3 are compared with the re-
sults of Ansys Workbench. The results can be seen in Ta-
ble 2. The mass division has no influence on the static dis-
placement and is therefore not shown in the table. Clearly,
putting the most mass on the mid frame results in more ac-
curate dynamic results than HRZ lumping. For this case,
the results seem to stabilize at a mass fraction of 0.01 %.
Above this percentage the results barely change, but sim-
ulation time increases. Therefore, a mass fraction of 0.01
% will be used for the final simulation.

In the complete model of the Afterburner, the seats
are fixed to the now free end of the beam. As the mass
of the seats is substantially higher than the mass of the
beam, the influence of mass division within the beam be-
comes smaller. With this mass added to the end of the
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Table 2: Effect of mass division on the frequency response

Mass fraction | Frequency Simulation time
on boundary difference  Simscape
frames (%) (%) (s)

HRZ lumping | 16.77 2.2

1 2.72 2.0

0.1 4.33 2.0

0.01 4.46 2.0

0.001 4.50 2.2

0.000001 4.50 2.6

beam and using HRZ lumping, the error in the vibrational
frequency is only 1.55 % whereas placing most mass on
the mid frame, the error decreases to 0.02 %. Still, using
this last simulation method results in the best distinction
between accuracy and simulation time.

7.3. New method: Transient and modal analysis

The methods outlined in section 5 and section 6 should
give better insights in the stresses occurring in the beam
over time. First, comparing the constraint forces and mo-
ments between the rigid and flexible multibody model,
Figure 13 and Figure 14, it is clear some vibrations oc-
cur within the flexible model. However, as the system is
quite stiff, the differences are small compared to the rigid
study. Therefore, setting up load cases using the data of
the flexible study instead of the rigid study will result in
similar inaccurate results and does not provide additional
benefits.

The deflections of the boundary frames of the beam
following from the flexible multibody model can be seen
in Figure 15 and Figure 16. This data is used for both the
transient analysis as the modal analysis.

To compare both the results from modal superposition
as well as the transient study in Ansys, for both stud-
ies the equivalent von Mises stress at the node which un-
dergoes the highest stresses during the simulation is com-
pared. This is the same node for both studies. In Figure 17
and Figure 18, the stresses calculated using both methods
are plotted. Comparing the stresses, the resemblance is
striking. Only minor differences between the two methods
are visible. The absolute mean difference between the two
methods is 0.11 %. Although the differences are small, the
modal superposition only takes 1/52 of the computational
time and the results file takes only 1/21 of the storage
space, making it more attractive from a computational
standpoint.

For this case, the simulation runs faster than real time.
This enables many possibilities in real time applications
and real time control problems. Setting up such a control
loop is also quite straightforward, as Simscape Multibody
works seamlessly with Simulink, offering many tools and
supports multiple platforms to work with.

Comparing the maximum stresses during the transient
analysis (95.41 MPa) with the maximum stresses during
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is red, y direction green and the z direction blue

-3
x10
0.015 6

0.01

0.005

Deflection (m)
o
Deflection (rad)
o

-0.005

-0.01

— Top frame — Top frame
— Bottom frame — Bottom frame
-0.015 L L L L | _6 L L
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)

Figure 15: Linear deflection of the top and bottom boundary frame
with respect to the body fixed frame

Figure 16: Rotational deflection of the top and bottom boundary
frame with respect to the body fixed frame

13



7
10 10

Modal Superposition Matlab
Transient Analysis Ansys

Stress (Pa)

20 30
Time (s)

40 50

Figure 17: Comparison of the transient and modal analysis

%107
15
10 3
o
?
= ]
£ A
N &
s
§
5 >
0
X (m) y (m)

Figure 19: Maximum stress per node during the transient analysis us-
ing modal superposition. Maximum equivalent stress is 0.95 x 10 Pa

the quasi-static load cases (153 MPa and 129 MPa), it is
clear that quasi static load cases overestimates the stresses
significantly. This effect can clearly be seen by comparing
Figure 19 with Figure 11 and Figure 12. Using a tran-
sient analysis instead of the commonly used quasi-static
method, this might lead to reducing the weight of a struc-
ture, which is very beneficial for a movable fairground at-
traction.
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8. Conclusions

This paper has successfully developed a novel method
of determining transient stresses inside a multibody struc-
ture. This is done by combining existing methods like
modal superposition and programs like Matlab, Simscape
Multibody and Ansys Workbench. It is shown that the
current state of the art to determine stresses within a
body, using quasi static load cases, often overestimates
the stresses greatly. Also, the location of the maximum
stresses is not always realistic. The method discussed in
this paper helps solving these problems.

Comparing the new method with a full mesh transient
study, the stresses are in great resemblance. However, after
some manual setup, the new method is computationally
much lighter without losing accuracy. This enables real-
time simulations of complex structures and the possibility
to include flexible behavior of bodies in control problems.
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