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Abstract

Cross-orthogonality calculations can be used to compare the orthogonality of two
different sets of mode shapes. Two types of calculations are described in this paper:
MAC (Modal Assurance Criterion) and mass orthogonality. These calculations can be
used for pre-test planning to guide proper selection of measurement instrumentation for a
modal test, and can also be used to show the degree of correlation between modal test
and MSC/NASTRAN mode shapes. This paper describes the implementation in Version
67.5 (via DMAP) and provides illustrative examples.



Introduction

Cross-orthogonality checks are useful in test-analysis correlation for modal testing. For
pre-test planning, they are used to determine the best measurement locations by assessing
the adequacy of a particular choice of A-set degrees of freedom (DOF) to accurately
represent the system modes. This A-set represents the proposed set of measurement
locations.  Similarly, cross-orthogonality checks are used in post-model verification to
assess the degree of correlation between test and MSC/NASTRAN mode shapes.

This paper describes the method and implementation in Version 67.5 and provides
examples.

Pre-Test Planning Calculations

Proposed measurement locations for a modal test can be selected based on cross-
orthogonality calculations. To do this, two MSC/NASTRAN runs are made with the
same basic model, as follows:

1. Full (unreduced) model. This run computes modes of the full model and punches
the G-set sized mode shapes (¢g) in DMIG format for use in the second run.

2. Reduced model, with the selected A-set being the proposed measurement DOF.
This run computes the A-set modes (¢5) and mass matrix (M,,), reads the punched

modes (q>g) from the first run, and makes the cross-orthogonality checks described
below.

Two cross-orthogonality checks are made, comparing modes from the two runs. These
checks are made to ensure the adequacy of the proposed A-set to accurately represent the
modes computed with the full model. In order to perform the cross-orthogonality
calculations, the G-set modes, ¢g, are partitioned into the A-set locations; call this ¢.
Figure 1 illustrates the relationship between ¢g, ba, and d¢.
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Figure 1: Relationship Between ‘Dg’ $a, and ¢



One type of cross-orthogonality check is the Modal Assurance Criterion, or MAC [Ref.
1. MAC gives a measure of the degree of correlation between test and
MSC/NASTRAN mode shapes, and is given by:

MACy = (@D @))% / 0T0p; (02T05); [1]

MAC values range from 0 (no correlation between shapes) to 1 (full correlation). In
practice, neither extreme is reached, and values greater than 0.9 or so indicate good
correlation while values less than 0.1 or so indicate no correlation.

Another type of cross-orthogonality check is mass orthogonality, given by
ORTHOAj; = (9{T); Mgz (¢); 2]
Ideally, ORTHOA should be a diagonal matrix, since the modes should be orthogonal

with respect to the mass matrix. As with MAC, good values are greater than 0.9 or so
and acceptable "zeroes" are less than 0.1 or so.

In computing MAC and ORTHOA for pre-test planning, the "test" modes, ¢¢, represent
analytical modes that have been partitioned to the proposed set of test DOF.

It must be kept in mind that these techniques may not be completely accurate, since
measurement locations are determined with a pre-test model that may not match reality.
Nevertheless, they provide a rational basis for selecting measurement locations based on
predicted behavior.

Example: Pre-Test Planning

Consider the two-dimensional cantilever beam shown in Figure 2, which is modeled with
11 grid points and 10 elements. Suppose that we want to set up a test to measure all
modes (axial and bending) up to 2500 Hz. Suppose, too, that we have five biaxial
accelerometer blocks and that we want to determine where to place these in order to
accurately measure the mode shapes. The two acceleromaters on each accelerometer
block are aligned in the X and Y directions.

Figure 2: Two-Dimensional Cantilever Beam Model Geometry



Full Model. Results from the full model are shown below. There are three bending
modes (modes 1, 3, and 5) and three axial modes (modes 2, 4, and 6) below 2500 Hz.

MODE FREQS. (HZ)

1 139.1 N
2 493.0 *
3 861.9 *—/’m\\\\
4 1466.7 — — . ’ >

5 2389.1 \*—(/\\
6 2404.4 — . M E——

Reduced Model. Two proposed sets of accelerometer block locations were made:

Set 1: Grid points 3, 5, 7, 9, 11
Set 2: Grid points 7, 8, 9, 10, 11

Modes were computed for each set, and cross-orthogonality checks were made with
respect to the full model. MAC and ORTHOA values less than 10-3 are shown as 0.0.

Each column is an A-set analytical mode; each row represents a mode from the full
model.

REDUCED MODEL 1 (POINTS 3,5,7,9,11)

MODE FREQS. (HZ)
1 1351 W
2 494.5 - » + + + + »> +
3 862.5 f\
4 1505.9 > s N » " .
5 2403.5 \J\\
6 2565.0 ——t . . . -
MATRIX MAC
1.00 0.0 9.6E-2 0.0 1.0E-1 0.0
0.0 1.00 0.0 2.8E-2 0.0 2.8E-2
9.6E-2 0.0 1.0 0.0 1.1E-1 0.0
0.0 2.8E-2 0.0 1.0 0.0 2.8E-2
1.0E-1 0.0 1.1E-1 0.0 1.0 0.0
0.0 2.8E-2 0.0 2.8E-2 0.0 1.0



MATRIX ORTHOA

1.0 0.0 0.0 0.0 0.0 0.0
0.0 -1.0 0.0 0.0 0.0 0.0
0.0 0.0 1.0 0.0 0.0 0.0
0.0 0.0 0.0 1.0 0.0 0.0
1.4E-3 0.0 1.6E-3 0.0 1.0 0.0
0.0 0.0 0.0 0.0 0.0 1.0
REDUCED MODEL 2 (POINTS 7,8,9,10,11)
MODE FREQS. (HZ)
1 139.1 N
2 497.1 * * ¥ + # -+
3 886.7 '——("r.‘—&\
4 1843.9 * » » + + > —
5 3204.9 "_“*‘“*+—\_+%_ﬁ+_fg,#f/'/’f*—E“\\\‘\\\‘
6 3711.7 - . P
MATRIX MAC
1.00 0.0 1.8E-1 0.0 9.3E-3 0.0
0.0 1.00 0.0 1.9E-1 0.0 0.0
2.0E-1 0.0 1.0 0.0 5.0E-1 0.0
0.0 5.6E-1 0.0 8.5E~1 0.0 5.5E=2
6.8E-3 0.0 7.6E-1 0.0 8.9E-1 0.0
0.0 5.4E-3 0.0 8.4E-1 0.0 2.8E-1
MATRIX ORTHOA
-1.0 0.0 0.0 0.0 0.0 0.0
0.0 -1.0 0.0 1.6E-3 0.0 0.0
-2.1E-2 0.0 1.0 0.0 4.0E-3 0.0
0.0 4.8E-1 0.0 8.8E-1 0.0 -4.9E~-2
-2.1E-1 0.0 -7.0E-1 0.0 6.8E-1 0.0
0.0 3.3E-1 0.0 -9.3E~-1 0.0 -1.4E-1

It can be seen from the MAC and ORTHOA matrices that set 2 is a poor choice due to
the large off-diagonal terms (in fact, mode 6 is apparently not represented at all, with a
very low diagonal term of -0.14). Input and output files for set 1 are shown in the
appendix. ’



Model Verification Calculations

Once the modal test data has been acquired and processed, it is compared to the
MSC/NASTRAN baseline model results to assess the degree of correlation. If the match
is sufficient, then the model can be used with confidence. If the results do not agree then
it must be determined which is inaccurate: the model, the test, or both. If the model is
inaccurate, then there are ways to refine it to match the test data [Ref. 2].

A rigorous evaluation method is to use cross-orthogonality in a manner similar to that
described for choosing measurement locations (see the "Pre-Test Planning" section). The
steps in this procedure are as follows:

1. Obtain the measured modes; call these shapes ¢¢ (for test). Write these in DMIG
format,.

2. In the first MSC/NASTRAN run create an A-set that matches the test degrees of
freedom. Compute the A-set modes, ¢, and mass matrix, My, and punch them
in DMIG format for use in the second run. Note: Grid point numbers for the A-
set must match grid point numbers for the DMIG test data. You may need to edit
one, or both, of the DMIG files to ensure this.

3. In the second MSC/NASTRAN run read the test modes (¢y), the A-set modes (¢,)
and mass matrix (My,), and compute MAC and ORTHOA. Grid point numbers
corresponding to the test and A-set DOF must be defined in this run, too.

As with MAC and ORTHOA from the pre-test planning runs, values of the diagonal and
off-diagonal terms are inspected. Values greater than 0.9 indicate good correlation while
values less than 0.1 indicate poor correlation.

Note that the diagonal terms may be negative, which is simply a normalization difference
between test and analysis; note, too, that modes could be switched (the third test mode is
the fourth analytical mode), which will also be apparent from the terms in MAC and
ORTHOA. Off-diagonal terms should be compared once these differences are taken into
account.

Example: Model Verification

Consider the two-dimensional cantilever beam used in the previous example. Suppose
that we ran a modal test using the accelerometer locations designated as set 1 (i.e., points
3,5,7,9, and 11), and that we measured the lowest six modes (three bending and three
axial) as given on the next page.



MODE FREQS. (HZ)

2 488 - e —
3 852 k—\\—/
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Mode shapes were computed only for grid points 3, 5, 7, 9, and 11 (the accelerometer
locations), and mode shapes at the other grid points (2, 4, 6, 8, and 10) are plotted
assuming a straight line between adjacent measurement locations. This is for plotting
only; for calculations, only the measurement locations have been used.

Note that the third axial and bending test modes have "switched" with these same
analytical modes. MAC and ORTHOA values less than 10-3 are listed as 0.0. Each
column is an A-set analytical mode; each row represents a mode from the full model.
Input and output files are shown in the appendix.

MATRIX MAC
1.00 0.0 9.2E-2 c.0 1.1E-1 0.0
0.0 1.00 0.0 2.8E-2 0.0 2.8E-2
2.1E-1 0.0 9.1E-1 0.0 4.5E-2 0.0
0.0 3.0E-2 0.0 1.0 0.0 2.8E-2
0.0 2.8E-2 0.0 2.8E-2 0.0 1.0
1.1E-1 0.0 9.6E-2 0.0 1.0 0.0

MATRIX ORTHOA

-1.00 0.0 5.6E-3 0.0 1.3E-2 0.0
0.0 1.00 0.0 0.0 0.0 0.0
~2.6E-1 0.0 -9.4E-1 .0 -1.1E-1 0.0
0.0 9.4E-3 0.0 1.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 -1.0
-1.4E-2 0.0 2.3E-2 0.0 1.0 0.0

Note that analytical and test modes 5 and 6 (third bending and axial) have switched--test
mode 5 is analytical mode 6, and vice-versa. This is denoted by the 1.0 terms in
positions 5,6 and 6,5 (if they had not switched, these terms would have been in positions
5,5 and 6,6). Note, too, that there are -1.0 terms in ORTHOA, which occur because the
test and analytical modes have a sign difference.



The largest off-diagonal term in ORTHOA is -0.26, with the second largest term -0.11.
Therefore, there is relatively good agreement between the test and analytical modes,
taking into account the fact that modes 5 and 6 are switched. If there had been numerous
off-diagonal terms on the order of 0.25 or more, then the match between test and
analysis would not have been good.

Implementation in Version 67.5

The DMAP alters for pre-test and post-test calculations are delivered with Version 67.5
as files premaca.v675 and postmaca.v675, respectively. (Due to their size, they are not
reproduced here.) Sample files for the cantilever beam (A-set set 1) are also supplied.
Portions of the input and output files are shown in this paper's appendix.

Guidelines

Proper location, alignment, and naming of test and analytical DOF is crucial; there must
be a one-to-one match in order for the procedure to work as described. Editing and/or
processing of test data or analytical results may be required to ensure this.

Summary

This writeup described implementation of cross-orthogonality calculations in
MSC/NASTRAN for pre-test planning and model verification. The DMAPs and sample
problems are supplied with Version 67.5.
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