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ABSTRACT

Laboratory qualification tests must replicate field responses, which can be difficult to achieve. A history of vibration
qualification test approaches is discussed showing how methods have improved over time starting with single axis methods
that were not intended to replicate responses up to recent work where the dynamics of the field and laboratory are characterized
and used to generate Multiple Input, Multiple Output test loads for replicating field motion. The goal is to morph the real field
loads into equivalent laboratory loads to achieve proper response. The ultimate goal is to simulate realistic damage mechanisms.
Recently, impedance and modal modeling techniques have strived to accomplish this, but there are pros and cons to both
approaches. This work shows an implementation of the impedance and modal techniques on a simple analytical model. This is
the first step to developing a blended technique for conducting appropriate tests in the laboratory to simulate realistic responses.
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INTRODUCTION

The first theme of this paper is to provide historical background to vibration test specifications. How specification started out
and incremental changes that have been made to improve the early single axis test methodologies will be discussed. Finally,
the discussion will show how test methods are moving away from single axis and heading toward multiple input tests with
emphasis on replicating test article responses. The improvements are necessitated by issues that have come up in testing which
have caused unnecessary failures in the test article because of poor test design. Many of these problems stem from test boundary
conditions that do not allow the test article to move the same way as when fielded and the inaccuracies associated with the
derivation of enveloped test specifications with few break points. Major improvements have come in the way of Multiple Input,
Multiple Output (MIMO) vibration testing and the dynamic characterization of the test article and test set up. With this historical
background in place, a couple of the newer methods, categorized as Fixture Neutralization (FINE), that determine appropriate
loads for a test boundary condition to generate replicated test article responses are discussed. The methods shown are from
Reyes-Blanco [1] that uses unattached fixture responses with test article and boundary condition drive point impedance
Frequency Response Functions (FRFs) and Zwink [2] that uses modal analysis based input/output FRFs of the entire test
system. A simple analytical model is used to demonstrate the methods.

Historical Background

In the early days of broadband vibration testing, each test facility implemented their own way of executing tests and
accompanying test specifications, for example the United States Army Air Forces Specification No. 41065 [3]. In the beginning,
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recommendations consisted of sine sweep and sine dwell vibration tests. Sine testing gave way to smooth acceleration-based
random vibration spectra for single axis testing. In 1956, Morrow [4] discussed how the smooth test specifications (i.e.,
enveloped specifications with few break points) required by test machines did not make sense given the dynamic nature seen
in field test measurements. Morrow explained that the smooth specifications can produce severe responses in the Device Under
Test (DUT) while at the same time be inadequate compared to field test measurements depending on the frequency. Also in
1956, Blake [5] discussed another source of severe DUT responses pointing out the need to control or account for the dynamics
of the test machines. Blake surmised that the DUT responses were ignored because the dynamics were too difficult to address
and recommended that the discrepancies should be accounted for when technology was able to support doing so.

After World War II, the environmental testing community was clamoring for standard qualification testing to replace the
various test procedures from each organization [6]. The needs of the United States government were at the forefront of these
conversations, so the Department of Defense (DOD) took upon themselves the responsibility to develop a standard. After
consulting with the technical community, largely at the Shock and Vibration Exchange which started in 1947, the DOD, led by
the Air Force, released MIL-STD-810 [7] in 1962. The focus in the standard was to provide simple and repeatable laboratory
tests that would reduce cost. A conscious decision was made to take focus away from methods to correlate laboratory testing
with service environments, which would have improved test realism. The work associated with this correlation was seen as an
advanced method deemed too complex and extant technologies were not ready to support such activities. The resultant standard
specifications were a generic set of straight-line, single axis test specifications, tested sequentially in three axes, for different
transportation and delivery platforms. The standard recommended rigid test fixture interfaces connecting the DUT to the test
machines for test repeatability. Test specifications were to be evaluated at the interface between the DUT and the fixture. There
was no direct connection to the laboratory test dynamic response of the DUT to the field responses, but the specifications were
intended to conservatively envelope field environment measurements. These simple specifications were put in place as a
starting point with the expectation that during the development of the design, higher fidelity information would be collected
and utilized to improve each test environment, raising or lowering frequency content as appropriate. The author’s impression
is that these adjustments were rare because the necessary information was infrequently collected due to field test
instrumentation limitations. Other standards were introduced by other organizations such as the National Aeronautics and Space
Administration (NASA) [8] [9], the Aerospace Corporation [10], and the Air Force Space Command [11] to suit needs that
were not covered by DOD documents such as addressing environment loads from space craft launch vehicle, for example.

Since the introduction of the vibration test standards, institutions have become aware of the technical issues associated with the
simple approach to testing. One scenario often discussed in the vibration test community are designs that have demonstrated
proper functionality during usage but fail during laboratory tests. Even during design development before fielded data are
available, when test failures happen, investigations often point to test setup or implementation producing very high DUT
responses that do not seem appropriate for what is expected in the field. In these situations, proper test design would have
avoided the high costs of investigating test failures and the unnecessary changes to designs that may have been suitable for
their intended purpose. There is also a possibility that design flaws can escape notice when tests do not faithfully replicate the
field DUT responses. Agencies are hesitant to share stories about their test failures and the associated lessons learned. Instead,
papers have been published to discuss the improvements made in vibration testing while sometimes mentioning previous
failures in passing.

Of these publications on improved testing, there are several methods that work to improve single axis vibration testing. One of
the most well-known methods is input force limits at the DUT interface as published by Scharton [12] who said that limiting
was necessary due to stiff test machine interfaces and the relatively infinite power imparted by the shakers. In the method, an
appropriate maximum interface force holds in check the amount of energy the test machine imparts to the DUT. Acceleration
response limiting [13] [14] is related to force limits except that response accelerations on the test structure are limited based on
field data, analysis, or intuition. Another method used in single axis testing is to develop a single input, multiple output (SIMO)
model of the DUT to find an input that best matches the combined responses desired on the test article [15] [16]. The limiting
methods address the symptomatic problems associated with straight line test specifications and impedance mismatch between
the laboratory and field configurations that cause high DUT responses. The current version of MIL-STD-810H [17] includes
recommended practices for force control and acceleration response limiting. Utilizing the SIMO method helps prevent high
and low DUT responses. These methods put a “band-aid” fix on and do not address the underlying problem that the inputs are
not correct for the DUT in the laboratory.

Even though single axis testing with large vibration shakers still seems to be the norm for design development and qualification,
research and technology improvements are making multiple input, multiple output (MIMO) testing more viable. The test
specifications for MIMO tests are much more involved than single axis testing as the specifications must address the phase and
coherence relationships between the control channels. MIMO testing started with using two shakers to excite the DUT in the
same direction as discussed by Cap [18] and Gregory [19]. Three and six degree-of-freedom base excitation testing is gaining
popularity [20] [21]. These tests are more accurate if the DUT is attached at one interface location and has the additional benefit
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of only needing one test setup instead of three single axis setups. Daborn [22] [23] [24] [25] introduced Impedance Matched,
Multi-Axis Testing (IMMAT). Others such as Mayes [26] and Schultz [27] have continued researching the IMMAT technique.
In the IMMAT method, a DUT is attached to a fixture that is dynamically like the field boundary condition and positionable
shakers are placed around the test setup to excite the DUT either directly or through the fixture. The several variants of MIMO
testing have shown vast improvements in the response characteristics compared to single axis testing. The current version of
MIL-STD-810H [17] includes recommended practices for multiple input test methods. With MIMO, desired responses can be
achieved more accurately at many locations across the DUT. Yet, these techniques focus on matching more responses at specific
locations instead of characterizing and matching the dynamic response of the system.

Several writers such as McConnell [28] and Avitabile [29] have pointed out that characterizing the dynamic differences between
the laboratory and the field is necessary for making requisite adjustments to the test design to improve specifications, control
scheme, and/or fixture design. A couple of Fixture Neutralization methods presented by Reyes-Blanco [1][30] [31] and Zwink
[2] [32] are included in MIMO testing category. The Impedance Based FINE method from Reyes-Blanco relies on frequency
response function (FRF) substructuring and requires characterizing the DUT and the fixtures separately. By comparison, the
Modal Based FINE method from Zwink utilizes the whole system dynamics to achieve equivalent results when the test has the
appropriate rank of excitation and response degrees of freedom. Both methods have advantages and disadvantages especially
when used with imperfect test data. In a future work, the author plans to blend the methods together to take advantage of
benefits found in each method. The ability to reproduce desired DUT responses will alleviate test inaccuracies that cause false
test failures and false test passes.

With the historical background set for test method and specification developments, the next section references some theoretical
background for the more advanced test methods. Several models are developed to show the use of the Impedance and Modal
Based FINE approaches to illustrate the need for adjustments to the test specification to accurately portray the field environment
in the laboratory setting.

THEORETICAL BACKGROUND

This section contains some basic definitions and theoretical equations related to the Impedance and Modal Based FINE
approaches used for the models presented in this paper.

EFRF
The FREF is the ratio of the output response of a structure due to an applied force [33].

{x}

H|=+— 1
[H] ) (1)
In Equation (1), [H] is the FRF, {x} is the physical response vectors, and {F} is the physical force applied to the structure. Note
that (1) can be rewritten in an equivalent form as
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In Equation (2), [M] is the system mass, {®} is the frequency vector of the FRF, {®,} is the system natural frequencies, and g
is the percent of critical damping. As indicated by Zwink [2], with a modal transformation Equation (2) can be looked at in
modal space and treated as a sum of independent single degree-of-freedom modal systems. This equation is shown for the &
mode as
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For Equation (3), the bar over the variables signifies values in modal space. Equation (3) can be brought to physical space with
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In Equation (4), [U] is the mode shape matrix for the system.

Dynamic Substructuring

Dynamic substructuring utilizes pieces of models, potentially of varying sources to create or adjust assembled models. De
Klerk [34] summarized the various substructuring techniques in a common nomenclature. Substructures are included in several
methods that have been provided to generate better inputs for random vibration tests as shown by Mayes [35] , Skousen [36]
[37], and Reyes-Blanco [1].

Fixture Neutralization (FINE) Methods

Fixture neutralization methods seek to replicate responses in a DUT due to a load in one boundary condition by determining a
new set of loads for another boundary condition. Two variants of the method will be discussed, namely the Impedance Based
FINE and the Modal Based FINE.

Impedance Based FINE

Reyes-Blanco [1] developed the Impedance Based Fixture Neutralization method to derive input forces for a DUT with defined
boundary conditions that produce the same response measured with another boundary condition under a load. In the method,
the response of the first boundary condition under the load is determined without the DUT at the connection degrees-of-
freedom. Then the motion of the unattached second boundary condition that will produce the same DUT response is determined
using connection degree-of-freedom drive point impedances of the DUT and each boundary condition. The equation is given
as

(X (B4 )24 L (0] ®

In Equation (5), superscripts D, L;, and L, represent the DUT, the fixture that provides the first boundary condition (the field
configuration), and the fixture that provides the second boundary condition (the laboratory test configuration), respectively.
The connection degrees-of-freedom between the DUT and the fixtures are represented by subscript c. The nomenclature for

the generalized inverse is given by superscript g. So [HQCD)} is the drive point impedance FRF for the DUT at the connection
degrees-of-freedom and {x(cLz)} is the connection degrees-of-freedom responses of the unconnected L, fixture from the load

at the input location that is required to make the DUT respond the same way when attached to the L; fixture under the original

load. The input loads for the L, fixture that will produce the desired DUT response are determined with
g
{FJ(Lz)} - [H(CJLJ} {XE:Lz)} (6)

In Equation (6), subscript j is the input degrees-of-freedom on the fixture and {F} is the applied force so that {FJ.(Lz)} is the

force applied to the [, fixture to achieve the desired response on the DUT. Note that[HEjLZ)} is the unattached fixture

impedance FRF from the input locations to the connection locations.

Modal Based FINE

The Modal Based Fixture Neutralization method, developed by Zwink [2], provides a way for DUT connection degree-of-
freedom forces to match connection forces from a field environment with a different (laboratory) boundary condition without
measuring the connection responses nor forces. If the connection forces are the same, then the DUT response will be the same.
The Modal method is based on understanding the modal relationship of both the field and laboratory test full system modes
and using the resultant FRFs to account for the differences between them. The Modal FINE method is given as

{F(DLE)} _ [H(DLE)}g {X(DLI)} (7)

] i i

In Equation (7), superscript DL together represent the joined system of the DUT and one of the fixtures and subscript i
represents the response location on the DUT. In this case, |:Hi(jDLz):| is physical space FRF derived through the modal space
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FRF by Equation (4) of the laboratory test configuration. The advantage of formulating the FRF through modal space is that
the Modal Amplitude Contribution Map (MACM) can be developed that describes which laboratory test modes are utilized to
replicate the field environment response on a mode-by-mode basis. The MACM is discussed and demonstrated by Zwink [2].

For both FINE methods described above, the number of connection degrees-of-freedom is important. To find a solution, there
must be at least as many DUT response degrees-of-freedom as there are active connection degrees-of-freedom. There must also
be at least as many input degrees-of-freedom as active connection degrees-of-freedom.

The next section will present a set of analytical models to illustrate the application of the techniques, the need to adjust the
input going from field to lab to have the proper DUT desired response and how the response is incorrectly achieved if no
adjustments are made.

MODEL DESCRIPTION

To demonstrate the FRF Impedance and Modal Fixture Neutralization methods, a spring and mass model was created in
MATLAB [38]. The system configuration A (field configuration) is shown in Figure 1. The model consists of two components:
1) the Base component with 3 springs and 3 masses and 2) the DUT with 3 springs and 4 masses. System configuration A
involves connecting the components at two locations where the Base m; is connected to the DUT m4 and the Base mj; is
connected to DUT ms. The Base serves as a field configuration fixture for the DUT. Table 1 lists the values of the masses and
the stiffnesses in the models, which are the same for all springs and the same for all masses.

Base buT System Config A

m, m; —PXs
ko ko
mg mg [—»Xy
Ks ks
m; mg m; | ms —PX3
'S + — 'S
m2 k4 m2 X2
k, ky K,
my my my my —PX;
k, k,
/ / / / // /

Figure 1. Test model in system the field configuration A

Table 1. Model Properties
Mass (m;) 0.037 | blobs
Stiffness (k;) | 2540 | Ib./in

The mass and stiffness of the analytical models are given as

ml 0 0 & kl + k2 —k2 0 X1 0
0 my 0 [{&‘:+| -k, ky +k; k3 |1x, =40 (8)
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mg 0 0 0%
0 ms 0 0 ||&
0 0 mg O ||&
0 0 0 m||&

Equation (8) and Equation (9) are the Base and DUT equations of motion, respectively. In the equations, x; are the motion
degrees-of-freedom and m; and k; are the masses and stiffnesses respectively. In the DUT equation, ks is a soft spring added

Ksot tkg Ky

0 0
ky+ks ks 0
—ks  ks+kg —kg
0 ks kg

0
0
0

0

)

to the bottom of the model to keep the DUT loosely anchored to ground (essentially as a free-free component). Table 2 shows

the modal properties of each component model.

Table 2. Modal properties of the components
Component Natural Frequencies Mode Shapes

Base

Natural

Frequency (Hz)

18.63

Mode 1
19 Hz
¥

Mode 2 Mode 3
a 52Hz a3 Hz
¥ A

52.20

75.44

|

'
'
'
'
'
'
'
'
'
o
T
'
'
'
'
'
'
'
'

'
o
0

Natural

Frequency (Hz)

1.84

Mode 1

24

z

Mode 2 Mode 3 Mode 4

DUT

32.13

59.23

77.36

T S

32d-|z P Sgd'lz n
¥ T

o ----

The system configuration A (field) is given as
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[m;+m, 0 0 0 0 (&
0 m, 0 0 0 ||&
0 0 my+ms 0 O [<&t+
0 0 0 mg 0 || &
I 0 0 0 0 m, || & ) (10)
ki +k, +ky; -k, —k, 0 0 (x 0
-k, k, +k; ks 0 0 ||xy| |0
k4 -k;  ky+ks+ks ks 0 |{x37=10
0 0 ks ks +ks —kg||xq| |0
|0 0 0 ks ke |x5] [0

As part of the assembly process for Equation (10), the soft spring, ksog, is removed from the DUT model. Figure 2 shows the
model in configuration B. The only difference from configuration A is that instead of my from the DUT connecting to m; in
the Base, my now connects to m, on the Base. The spring stiffnesses do not change. Graphically the length of k4 has changed,
but spring length is not part of the model and is used for illustrative purposes only.

Base bUT System Config B

my m; —PXs
Ko ke
mg mg —PXy
ks ks
mj ms ms ms —>X3
ks + K, — 'S k,
m, my m, my —P»X,
ky ky
m; m; —PX
ki ky
7/ 4 7/ 7

Figure 2. Test model in system laboratory test configuration B

The system configuration B (laboratory) is given as

m, 0 0 0 0](&
0 my+my 0 0 0 ||&
0 0 my;+ms; 0 0 |{& +
0 0 0 mg 0 |&
o 0 0 0 m,||& o
k+k,  —k, 0 0 0 1(x) [0
k, k,+ky+k, —k;—k, 0 0 ||x,| |0
0 ky—k, kytks+ks ks 0 [{x5r=10
0 0 ks ks+kg kg ||xs| |0
Lo 0 0 ks k¢ |lxs] |0
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Note the differences between the equations for system A and B (Equation (10) to Equation (11)) which are due to the change
in the connection location. Table 3 compares the natural frequencies between system configuration A and B. Figure 3 compares
the mode shapes between system configuration A and B. Note that the elongated springs are for display purposes only and have
no effect on the models. For both the table and the figure, blue shows system A and red shows system B. The circle marker
represents the Base masses. The X marker represents the DUT masses. A circle and an X marker together represent connected
masses. Therefore, a red circle with an X indicates connected masses from the Base and the DUT for system configuration B.

Table 3. System A vs System B natural frequencies

System A (Field) | System B (Laboratory)
Mode
Number Natural Natural

Frequency (Hz) Frequency (Hz)

1 13.1 10.9

2 31.3 30.9

3 56.6 54.8

4 66.5 66.9

5 72.5 74.0

Mode 2

+SySA
+SysB

OF—O—0O| »

x| [O

777777 O

2 0 2 2 0 2

20 2 -4-20

S
Figure 3. Field System A (blue) vs Laboratory System B (red) mode shapes. O’s are the Base masses and X’s are the DUT
masses. When an X and an O are together, the masses from the Base and the DUT are connected. The system configurations

A and B are represented graphically to the right of the mode shape plots.

The next section provides some case studied for the FINE methods previously discussed using the model just described. First
the models are used to show how applying the same loads to both models generate different DUT responses. With the goal to
replicate the DUT response a new load must be determined for the system B (laboratory) configuration, provided by the FINE

methods in independent test cases.
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TEST CASES STUDIED
The following test cases are presented

e Test Case 1: Applying the same load to the Field System A and the Laboratory System B

e  Test Case 2: Impedance Based FINE
o Test Case 2, Part 1: Determining the unloaded Base motion for Field and Laboratory
o Test Case 2, Part 2: Poor DUT response with insufficient loads
o Test Case 2, Part 3: Desired DUT response with sufficient loads

e Test Case 3: Modal Based FINE

Test Case 1: Applying the same load to the Field (System A) and the Laboratory (System B)

As a starting point to the case studies, the same load is applied to the bottom mass or degree-of-freedom of the Base for both
systems. Figure 4 shows the haversine force applied to the structures. The full duration pulse time history is shown in the top
left and the time history zoomed into the nonzero pulse content is on the top right. The bottom plot is the force spectrum. The
diagrams on the right show where the load is applied on m,; to both model configurations.

Figure 5 and Figure 6 compare the DUT responses of each system under the load. Recall that the only difference between the
two systems is the connection degree-of-freedom that DUT my is attached to in the Base: m; for system A and m, for system
B. There is one set of plots for each DUT degree-of-freedom. The legend describes which system model degree-of-freedom
each one applies to. Each plot is also aligned to the appropriate DUT degree-of-freedom in the schematic on the right. Despite
such a seemingly minor change, the DUT responses are not the same.

The following test cases show how the FINE methods will replicate the DUT response for both configurations, which is not
possible if no adjustments are made. New loads must be determined. The next test case shows an implementation of the
Impedance method.

Test Case 2: Impedance Based FINE

Recall that for the Impedance Based FINE, the connection drive point FRFs of the DUT and the next assembly (the Base) are
used to derive new loads for the System B, laboratory configuration to replicate the DUT response in the laboratory
configuration.

Test Case 2, Part 1: Determining the unloaded Base motion for Field and Laboratory

The first step in the Impedance Based FINE method is to determine the response of the connection degrees-of-freedom of the
unattached Base component for system A. This is done by applying the load from Figure 4 to m; on the Base component model
without the DUT to obtain the connection degree-of-freedom responses. Then Equation (5) is used to determine the unattached
connection degree-of-freedom response for the Base in the laboratory test, system B configuration needed to reproduce the
DUT motion. Figure 7 and Figure 8 compare the time histories and the spectra for the acceleration motion for the unattached
Base connection degrees-of-freedom. For system A, the unattached Base connection degree-of-freedom motion due to the
original input is shown. For system B, the derived motion of the unattached connection degrees-of-freedom is shown. Now the
process to generate the loads required to generate the unloaded connection responses for System B is demonstrated.

Test Case 2, Part 2: Poor DUT response with insufficient loads

With the unattached Base connection degrees-of-freedom motion for System B in hand, Equation (6) is used to determine the
new loads to drive the same DUT response from System A in System B. At this point, a choice needs to be made about which
Base input degrees-of-freedom will be used to load system B. If only one load is applied at m, on the Base, the new input force
is determined and shown in Figure 9. Figure 10 shows the system B DUT responses to the load, which do not match the system
A DUT responses. Not enough unique input loads were applied as at least the same number of unique loading degrees-of-
freedom are required for each connection degree-of-freedom. There are two connection degrees of freedom, so at least two
input degrees of freedom are required, which will be shown next.

Test Case 2, Part 3: Desired DUT response with sufficient loads

To correct the problem of not enough distinct loads applied to the Base, loads are now applied to Base m, and mj3 in the System
B configuration. Figure 11 and Figure 12 show the spectral and time history forces determined from Equation (6). Applying
the load at two locations satisfies the requirement to have one input degree-of-freedom for each connection degree-of-freedom.
Applying these loads to System B, the time history and spectral DUT responses are generated and seen in Figure 13 and Figure
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14 respectively with the original DUT responses for reference. With two input loads, the system B DUT responses match the
original system A responses.

Having shown a successful implementation of the Impedance Based FINE method, the same will be shown for the Modal Based
FINE.

Test Case 3: Modal Based FINE

The same rules regarding the number of input loads apply for the Modal Based FINE method that were demonstrated for the
Impedance Based FINE method. The Modal Based FINE method will be shown with the same Base input degrees-of-freedom
as were used for the Impedance method.

The first step in the Modal Based method is to determine the DUT responses due to the input load in system A. With those
responses, Equation (7) is used to derive the inputs to system B required to match the DUT responses. Figure 15 and Figure 16
show the spectra and time history plots respectively for the new loads on Base m, and mj;. Note that the loads look very similar
if not identical to the loads determined from the Impedance method. Figure 17 and Figure 18 show the time history and spectra
responses of the system B DUT with the input provided by the Modal method. The system B responses match the original
system A responses very well.

) Input Time History ) Input Time History (Cropped)
- a - b A
215} ( ) 1 215¢ ( )
(0] (0]
o o
o 1 1 o 1t 1
L L
éo.s- §o.5-
0 0 —p T 1]
0 0.5 1 15 2 0.08 0.1 0.12 0.14
Time (s) Time (s) 7777777777777
1073 Input Spectra
6 T T T |
g 3 (c) B
~ 2
g5l i
o ®©
L=
) :
cw
0 1 | 1 S —
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Figure 4. Initial input force. The top two plots (a & b) are time history plots with (b) zoomed in to the pulse. The bottom plot
(c) is the spectrum of the pulse. The graphics on the right show where the load is applied to each model configuration.
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Figure 5. Time domain DUT response in System A and B with the same input. The legend shows which system degree-of-
freedom corresponds to each sub plot which in turn corresponds to the degrees-of-freedom in the DUT graphic to the right of
the plots. The goal is for the DUT response to be the same for both Systems.
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of the plots. The goal is for the DUT response to be the same for both Systems.
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Figure 13. System B, DUT time history response with Impedance FRF derived input compared to original DUT response in
system A. The legend shows which system degree-of-freedom corresponds to each sub plot which in turn corresponds to the
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degrees-of-freedom in the DUT graphic to the right of the plots. The DUT responses are the same for both Systems.
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the load for DOF 3 (my3).
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degrees-of-freedom in the DUT graphic to the right of the plots. The DUT responses are the same for both Systems.
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Figure 18. System B, DUT spectral response with Modal FINE derived input compared to original DUT response in system
A. The legend shows which system degree-of-freedom corresponds to each sub plot which in turn corresponds to the degrees-

of-freedom in the DUT graphic to the right of the plots. The DUT responses are the same for both Systems.
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OBSERVATIONS AND FUTURE DIRECTION

The analytical model was used to show that using the same input for both field and laboratory configuration produces
unmatching responses. If the goal is to match responses, then new loads must be derived. Using either of the FINE
methodologies to account for the dynamic differences between configurations, the necessary loads to replicate field responses
in laboratory configuration can be generated.

There must be at least as many DUT responses to match as active DUT connections. There must be at least as many test fixture
inputs as active DUT connections. As an example, using 1 input load is insufficient to drive 2 connection degrees-of-freedom
to reproduce DUT responses.

For the simple analytical model, both FINE methods produced laboratory DUT responses that match the field responses. In
future work, these methods will be applied with data from tests. With test data there is an expectation that other factors like
limited access to connection degrees-of-freedom, the ability to measure and excite rotary degrees-of-freedom, the ability to
generate accurate FRFs, and the inconvenience of performing modal tests on each piece of hardware for every test setup will
make using either of the FINE methods difficult. At that point, blending the methods, taking advantage of the strengths of each
will result in an improved hybrid FINE method for reproducing field responses in the laboratory.

CONCLUSION

A history of vibration test specifications was provided. Over time the simple enveloped single axis specifications have advanced
to MIMO testing. Newer MIMO FINE methods account for the dynamics of the DUT, the field, and the laboratory to generate
new laboratory loads to replicate field responses. Theory was presented that is used in the FINE methods explored in the paper.
A simple analytical model was used to substantiate initial claims that the FINE methods can be used to replicate field responses
in the laboratory.
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