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Abstract

Results of two di�erent nonlinear �nite-element analyses and preliminary

static test results for the �nal design of the Controls-Structures Interaction

Evolutionary Model reector are presented. Load-deection data bases are

generated from analysis and testing of the 16-ft diameter, dish-shaped reec-

tor, and natural frequencies and mode shapes are obtained from vibrational

analysis. Experimental and analytical results show similar trends; however,

future test hardware modi�cations and �nite-element model re�nement would

be necessary to obtain better correlation. The two nonlinear analysis ap-

proaches are both adequate techniques for the analysis of prestressed struc-

tures with complex geometry.

Introduction

Future space structures, such as the proposed
Space Station Freedom|which consists of a truss
structure with many appendages such as antennas
and motors|present new challenges to structure and
control-system design. The structural design require-
ment of low mass results in very exible structures.
To be able to meet pointing-control requirements
in space, engineers need complete knowledge of the
static and dynamic characteristics of the structure.

New technology for ground testing and analysis to
characterize controlled exible space structures is be-
ing developed and tested as described in references 1
and 2. Correlation of experimental and analytical
results leads to the re�nement of the analytical mod-
els, which gives engineers more con�dence in the an-
alytical predictions. The �nal goal is to be able to
characterize and design space structures by means of
analysis only or by means of analysis and testing of
individual components of the structure.

Langley Research Center recently conducted
closed-loop-control ground tests on the Controls-
Structures Interaction Evolutionary Model (CEM),
an experimental model that is generically similar to a
future space platform to be instrumented to monitor
the Earth's climate. Figure 1 shows the main compo-
nents of the CEM. Preliminary design, test, and anal-
ysis results are described in reference 2. As shown in
the �gure, the Evolutionary Model consists primar-
ily of a exible truss structure and an antenna-like
appendage called a reector. The reector, shown in
detail in �gure 2, is an important dynamic compo-
nent of the global line-of-sight (LOS) pointing path.
To monitor the LOS pointing accuracy, a laser is
mounted on the vertical truss tower of the CEM, such
that the laser beam reects upon the reector mirror.
The laser-beam reection is measured by a photo-
diode array above the reector. This laser-reector-
detector system allows the pointing accuracy of the

CEM to be measured and controlled. Because of the
complexity of the geometry of the reector, and in an
e�ort to update the �nite-element analytical model of
the whole structure, testing and analysis of that indi-
vidual component have been conducted. Reference 3
presents preliminary design, test, and analysis results
of the developmental model of the reector. The
present paper describes the results obtained from the
�nite-element analysis and static test for the �nal
design of the reector and some preliminary results
from vibrational analysis. Nonlinear capabilities of
MSC/NASTRAN (ref. 4) were used to account for
large-displacements and pretensioning e�ects in the
�nite-element analysis of the reector; results were
compared with the nonlinear technique described in
reference 3.

Evolutionary Model Reector

The CEM reector (�gs. 2 and 3) is a dish-shaped
structure 185.5 in. in diameter and 19.93 in. deep.
The main components are the ribs, hub, and sensor
plate. Each of the eight aluminum ribs is 0.25 in.
thick and 96 in. long and is tapered in width over
its length from 2 in. to 1 in. The ribs are oriented
at angles of 45� around the hub|a 3/8-in.-thick
aluminum plate, with a 4-in. inside diameter and
an 8-in. outside diameter. One end of the ribs is
attached to the hub, and the other end is connected
to each adjacent rib by a 1/32-in.-diameter steel
cable. Tensioning the cable by means of thumb
screws on each rib deforms the ribs to obtain the
desired shape of the reector.

The sensor plate is a 1.5-in.-thick �berglass-
honeycomb composite panel with a mirrored surface.
The top view of the reector in �gure 3 reveals the
octagonal shape of the reector plate and the circu-
lar mirror on its center. Each corner of the octagonal
panel is attached to the ribs by swivel-head bolts to
prevent transmission of moments from the ribs to the
panel. A detailed view of that connection is shown
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in �gure 3. Four aluminum rods sti�en the plate and
connect it to the hub. The hub is the connecting link-
age between the reector and the supporting struc-
ture. A detailed view of the connections between the
hub and sensor plate and between the hub and truss
tower is shown in �gure 4.

During this investigation, the reector was stat-
ically tested in two positions|horizontally (�g. 5)
and inclined 39.1� (�g. 6). The inclined position is
the same as for the CEM. It was supported in the hor-
izontal position by a single 10-in. cubical truss bay
�xed at the bottom (�g. 5). The supporting struc-
ture for the inclined reector test setup (�g. 6) was
the upper section of the truss tower; this tower con-
sisted of a tapered truss bay and one cubic bay that
was also �xed at its bottom. The truss members of
the cubical bays are aluminum tubes connected by
node-ball joints. A typical truss member and node-
ball joint are shown in �gure 7. The vertical mem-
bers of the tapered bay are aluminum tubes, and the
diagonal and top members are aluminum structural
angles. Dynamic analyses were performed only in the
inclined position.

Finite-Element Models

The dish shape of the reector is a result of the
deection of the ribs caused by tensioning the cables.
Previous �nite-element analysis of a preliminary re-
ector design (ref. 3) showed that small-deection
nonlinear analysis can be used if the post-tensioned
geometry and compressive loads of a typical rib are
known. A model of a prestressed reector follow-
ing this approach was created by using the MacNeal-
Schwendler Corp. MSC/NASTRAN. A second non-
linear analysis, which included MSC/NASTRAN
nonlinear analysis capabilities, was used to model
the large deections of the reector, starting from
its undeformed position, to obtain the correct geom-
etry and sti�ness of the prestressed structure. The
only physical parameter needed for the analysis in
this case, other than material properties and basic
dimensions, is the tension in the cables for the �-
nal con�guration. Results from both analyses were
compared with test results.

In the �nite-element models of the reector, each
rib consists of 12 beam elements dimensioned accord-
ing to the tapered shape of the ribs. The cables
are modeled by using 1/32-in.-diameter rod elements
with material properties of steel wire. The hub is
modeled with 24 3/8-in.-thick triangular plate ele-
ments. The steel bolts connecting the ribs to the hub
are represented by 1/4-in.-diameter bar elements.
Due to the short length and high sti�ness of the bolts

connecting the hub to the supporting structure, zero-
length scalar spring elements (1:5� 108 lb/in.) for all
six degrees of freedom are used for each connector.
All support brackets and truss elements of the sup-
porting structure were modeled by using two-noded
CBAR elements.

The sensor plate is modeled by using 24 triangular
plate elements. Since the material properties of the
honeycomb composite panel were unknown, an e�ec-
tive plate thickness of 0.408 in. was computed, and
the known material properties of the �berglass sheets
were used as material properties for the equivalent
plate. The following equation was used to compute
the e�ective thickness te� of the composite panel:
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where I is the area moment of inertia for a rectan-
gular cross-sectional element of the panel of length b

and height ho. (See �g. 8.) Honeycomb core thick-
ness is denoted by h

i
. The mirrored surface of the re-

ector plate was represented by a lumped mass at its
center. The swivel-head bolts connecting the sensor
plate to the ribs were modeled with CBAR elements,
and the rotational degree of freedom about the axis
passing through the eye of each bolt (see detail in
�g. 3) was left free by using pin ags. Since CROD
elements only have torsional and axial sti�ness, they
were also used to model the swivel-head bolts; re-
sults were compared with those obtained with CBAR
elements.

The input geometry of the undeformed rib for the
large-displacements nonlinear model should not be
represented by a horizontal line. A bifurcation would
exist and the ribs could deect either up or down.
To ensure that the ribs would move in the correct
direction, the rib was represented by a straight line
that made a 6� angle with a horizontal line (�g. 9).

Analysis

The MSC/NASTRAN solution 64 employs an it-
erative procedure with a modi�ed Newton-Raphson
approach to solve geometric nonlinear problems. The
large-displacements nonlinear analysis for the reec-
tor involved two steps, which are summarized in �g-
ure 10. In the �rst step, the structure was preloaded
and shaped by applying a thermal load to the ca-
bles that was equivalent to the measured tension in
the cables on the shaped structure. Gravity e�ects
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and target weights were also included. Fifteen iter-
ations were required for force convergence, and the
�rst iteration was the linear static solution. Di�er-
ential sti�ness calculations were skipped to avoid in-
stability or mechanism errors. The second step was
a restart from step 1 to apply external loads. Fifteen
dummy subcases were required in the case control
deck to restart from the last stress state in step 1.
Three iterations were required for �nal convergence
in step 2. Superimposing results from steps 1 and 2
gives the displacements that result from external
loading. These results are compared with small-
displacements nonlinear analysis and experimental
results.

Analysis with a prestressed reector model, simi-
lar to the analysis described in reference 3, was also
performed by using solution 64; however, the geom-
etry input for the ribs was that of a deected and
prestressed rib. Since there were no large deec-
tions of the preshaped structure, the CBEAM ele-
ments were replaced by the easier to use CBAR el-
ements. The analysis consisted of the three steps
shown in �gure 11. First, a thermal load equiva-
lent to the compressive preload is applied to the ribs,
which are completely restrained (ref. 3). A thermal
preload is also applied to the cables. The constraint
forces obtained in this step are the forces required to
maintain equilibrium when all degrees of freedom are
released in step 2. The second step is to release all
degrees of freedom, apply the computed constraint
forces, gravity load, and target weights to obtain the
�nal prestress state, which is equivalent to step 1
for the large-displacements nonlinear model. Step 3
involves the application of external loads. Results
from steps 2 and 3 are combined to obtain the �nal
displacements. For this case, each step ran indepen-
dently, no data base was required. Each step required
three iterations for convergence|a linear static solu-
tion, a di�erential sti�ness calculation, and one non-
linear iteration. Figure 9 shows the geometry of a
preloaded rib that results from small-displacements
nonlinear analysis and large-displacements nonlinear
analyses. Listings of the NASTRAN data decks for
both models are included in the appendix.

The analysis results seem very sensitive to dif-
ferent models of swivel-head bolts. Changing the
swivel bolt element from CBAR with pin ags to
CROD greatly reduces the sti�ness of the ribs and
smooths the stress distribution along the ribs. Fig-
ure 12 shows the deformation of one of the ribs under
gravity and target weight for the small-displacements
analysis with two di�erent connector models. Sig-
ni�cant changes occur in the axial-force distribution

along the ribs for the large-displacements nonlinear
model. (See table 1.)

Vibrational analysis was also performed by us-
ing the data bases generated for the �nal prestressed
states for both the small-displacements and the large-
displacements nonlinear analytical models of the re-
ector in its inclined position. Mode shapes and
frequencies were computed for modes below 10 Hz.

Correlation of Static Tests With

Analysis

Static tests of the reector on its horizontal and
inclined con�gurations were conducted to obtain
load-deection characteristics for comparison with
analytical results. Four of the eight reector ribs,
numbered as shown in �gure 3, were instrumented
with target plates and proximity probes to measure
rib-tip and plate-end displacements. Loads were ap-
plied at speci�c locations on the ribs and plate ends
to provide the required symmetric or unsymmetric
loading condition. Loads were applied and removed
in step increments. Table 2 summarizes the load-
ing cycles that were conducted to obtain the data
base for this investigation; �gure 13 shows the de-
tails of the target and weight con�gurations. Output
data from the proximity probes were displayed on
voltmeters and were recorded manually.

Load-deection plots for each loading condi-
tion described in table 2 were generated from the
test data for comparison with load-deection plots
generated from large-displacements nonlinear and
small-displacements nonlinear analyses. Symmetric
and asymmetric sti�ness characteristics of the reec-
tor ribs for test and analysis of the reector on its
inclined position are shown in �gure 14. Both sets
of data indicate that the load deections are linear
during load-application and load-relief cycles; there
is good correlation between small-displacements and
large-displacements nonlinear analysis results. As
explained subsequently in this section, correlation
between experimental and analytical results is ac-
ceptable, considering possible errors in experimen-
tal measurements. Similar plots were generated that
described load-deection characteristics of the reec-
tor in its horizontal position when loads were applied
at the sensor-plate ends. Experimental and analyti-
cal results obtained from symmetric and asymmetric
loading of the plate ends are shown in �gure 15. For
this set of data, because of the symmetry of the struc-
ture, all the measured and generated displacement
data obtained for each of the four locations on the
sensor plate were combined and curve �tted. Exper-
imental data show hysteresis losses during the load-
ing and unloading cycles; however, load-deection

3



characteristics can be considered linear. Hysteresis
loss is a common characteristic of composite material
structures. Even though the present analytical tools
do not have the capabilities to model hysteretic en-
ergy losses, load-deection characteristics obtained
from both analyses again agree with experimental
results, and correlation between results from both
analytical models was very good. The symmetry of
the horizontal structure is very well described by the
analytical models. Table 3 summarizes the percent-
age error between the slopes of the test and analysis
curves for load cycles 1 to 4.

The discrepancies between experimental and an-
alytical results in some tests increase with increas-
ing load and deection. These discrepancies may
be caused by the way the target-plate assembly is
attached to the ribs. Before any loads are applied
to the ribs or plate ends, the target plates are per-
pendicular to the proximity probes. When the ribs
are displaced by the applied load, the target plates,
which are �xed to the ribs, follow the rib displace-
ment; the rib displacement includes rotation. In its
�nal position, the target plate is at an angle with
the proximity probe. Therefore, the measured ver-
tical displacement is not the vertical component of
the displacement vector of the point of interest on
the rib. The error is a function of the horizontal dis-
placement of the target-plate center and the angle
the target plate makes with the horizontal. Some of
the discrepancies between experimental and analyti-
cal results could have been eliminated if swivel joints
were used to attach the target assembly to the ribs.

Results of Vibrational Analysis

Vibrational analysis of the reector has been con-
ducted to correlate results from both analytical mod-
els and for future correlation with experimental data.
The �rst 13 natural frequencies for the reector in its
inclined position, obtained from large-displacements
nonlinear analysis and small-displacements nonlin-
ear analysis, are listed in table 4. Corresponding
mode shapes are shown in �gure 16 for the large-
displacements nonlinear model. The eigenvalues and
mode shapes obtained from the two analytical models
show close agreement.

The �rst global mode shape identi�ed, mode 4,
exhibits a rocking motion of the reector about
the hub. Mode 9, the second global mode, in-
volves torsion of the reector around the hub cen-
ter. Modes 1 to 3 and 6 to 8 are di�erent combina-

tions of �rst bending modes of the individual ribs.
Second rib bending modes are in mode 10. Many
of the mode shapes are similar and have similar
frequencies because of the symmetry of the structure.

Frequency-response functions for random exci-
tation at rib 2 were also generated by using the
NASTRAN models. The plot in �gure 17 shows a
typical frequency-response function (FRF) taken in
the vertical plane for rib 2. The point of excitation
was the connection between the rib and sensor plate,
and the measurement was taken 2.5 ft along the rib
from the connector. The two analytical models show
similar results.

Concluding Remarks

Two di�erent nonlinear �nite-element models for
the �nal design of the Controls-Structures Inter-
action Evolutionary Model (CEM) reector were de-
veloped and load-deection data bases were gen-
erated for comparison with experimental results.
Static tests to obtain load-deection characteristics
of the Controls-Structures Interaction (CSI) Evolu-
tionary Model reector were conducted. Limited vi-
brational analysis was also conducted, and prelimi-
nary system modes were computed for future system
identi�cation.

Excellent agreement between small-displacements
and large-displacements nonlinear models for the re-
ector has been demonstrated. The modeling tech-
niques described could be used in future applications
involving the analysis of prestressed structures with
complex geometry. The small-displacements nonlin-
ear analysis approach works well for the analysis of
prestressed structures where both the shape and the
preload are known. During the design stage, the
large-displacements nonlinear analysis approach can
be used to design shape and prestress simultaneously.

Analytical and experimental results follow simi-
lar trends, but there are some discrepancies. These
discrepancies may be reduced by modifying the dis-
placement measurement hardware and by incorpo-
rating composite material data for the sensor plate
into the �nite-element models. Further re�nement of
the swivel-head bolt model is also warranted.

NASA Langley Research Center

Hampton, VA 23665-5225

March 12, 1992
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Table 1. Axial-Force Distribution on Rib 7 Under Gravity and Target Weight for

Large-Displacements Nonlinear Analysis

Axial force on rib Axial force on rib

elements, lb, for elements, lb, for

Rib beam element CBAR connector CROD connector

1 �11.87 �10.83

9 �12.66 �11.52

17 �13.12 �11.90

25 �13.50 �12.23

33 �13.65 �12.38

41 115.0 �9.77

49 115.0 �9.11

Table 2. Static Test Matrix for Inclined and Horizontal Positions of Reector

Load range, Increment,

Load cycle Load location lb lb

1 All rib tips 0 to 2 0.5

2 Rib tips 5 and 7 0 to 1.5 0.5

3 All plate ends 0 to 24 3.0

4 Plate ends 1 and 3 0 to 24 3.0



Table 3. Test and Analysis Curve-Fitting Errors

Small-displacements

analysis versus Test versus Test versus

Load cycle; large-displacements small-displacements large-displacements

measurement analysis, analysis, analysis,

location percent error percent error percent error

Inclined position

1; Rib 1 8 10 16

1; Rib 3 6 33 25

1; Rib 5 29 11 14

1; Rib 7 2 18 16

2; Rib 1 13 36 17

2; Rib 3 13 22 7

2; Rib 5 5 12 6

2; Rib 7 3 20 16

Horizontal position

3; Plate ends 2 14 12

1, 3, 5, and 7

4; Plate ends 2 8 9

1 and 3

4; Plate ends 2 19 17

5 and 7

Table 4. Analytical Natural Frequencies for Reector

Frequencies, Hz, for Frequencies, Hz, for

small-displacements large-displacements

Mode analysis analysis

1 2.524 2.524

2 2.994 3.063

3 2.995 3.064

4 3.172 3.253

5 3.219 3.301

6 3.517 3.563

7 3.529 3.567

8 3.757 3.792

9 5.613 5.447

10 6.583 6.350

11 10.178 9.826

12 10.357 9.995

13 10.895 10.601



Appendix A

Listing of Finite-Element Analyses

L-92-14

Figure 1. Controls-Structures Interaction Evolutionary Model (CEM)

L-92-15

Figure 2. Controls-Structures Interaction Evolutionary Model reector.

Figure 3. Side and top views of reector. All linear dimensions are in inches.

L-92-16

Figure 4. Detailed view of connections.

Figure 5. Side and top views of reector in horizontal position. All linear dimensions are in inches.

Figure 6. Side and top views of reector in inclined position. All linear dimensions are in inches.

Figure 7. Typical truss strut and node-ball joint.

Figure 8. Composite panel cross-sectional element.

Figure 9. Rib analytical geometry for initial and prestressed states.

Figure 10. Large-displacements nonlinear analysis data-base dependent steps.

Figure 11. Small-displacements nonlinear analysis data-base independent steps.

Figure 12. Sensitivity of rib displacement under gravity and target weight loads to changes in swivel-head bolt
model.

Figure 13. Load application and displacement measurement setup.

(a) Load cycle 1: symmetric loading of ribs.

(b) Load cycle 2: asymmetric loading of ribs.

Figure 14. Symmetric and asymmetric load-deection characteristics of ribs. Inclined position.

(a) Load cycle 3: symmetric loading of plate ends.

(b) Load cycle 4: asymmetric loading of plate ends.

Figure 15. Symmetric and asymmetric loading of plate ends. Horizontal position.

(a) Mode 1; 2.54 Hz.

(b) Mode 2; 3.063 Hz.

Figure 16. Large-displacements analysis.



(c) Mode 3; 3.064 Hz.

(d) Mode 4; 3.253 Hz.

Figure 16. Continued.

(e) Mode 5; 3.301 Hz.

(f) Mode 6; 3.563 Hz.

Figure 16. Continued.

(g) Mode 7; 3.567 Hz.

(h) Mode 8; 3.792 Hz.

Figure 16. Continued.

(i) Mode 9; 5.447 Hz.

(j) Mode 10; 6.350 Hz.

Figure 16. Continued.

(k) Mode 11; 9.826 Hz.

(l) Mode 12; 9.995 Hz.

(m) Mode 13; 10.601 Hz.

Figure 16. Concluded.

Figure 17. Vertical frequency-response function for rib 2.


