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RURTOSIS REGULATING VIBRATION CONTROLLER APPARATUS AND
METHOD

FIELD OF THE INVENTION
{0801 The presemt invention relates genmerally to systems for deiving andfor
controlling a vibvation table.  More specifically, the invention relates to methods and

apparatus that control & vibration table with a signal that conirols the frequency content and

statistical fourth momen, or kurtosts value, for example, of the vibration table.

BAUKGRUOUND OF THE INVENTION
{GU2] Vibratory testing of products is a component of product development and

manufuctoring.  Vibration festing is nsed o determine product integrity in anticipation of

epvirommental  stresses  from  transportation and  In-use  envirowment, for example,
Specifically, a global positioning systen: {GPS) device, for example, will likely be subjected
0 a vanety of vitwation environments, such as during shipment from manufacturer to

usiomer. I the GPS device is then mounted in a vehicle it will be subjected to additional,
different vibration enviromments as the vehicle is driven over roads, road hazards, and open
terrain, for example. Random vibration testing is a test mothed that reproduced 2 wide range
of real-world environments, such as the different vibration environments described above, for
example, A frequency content of the random vibration can be taflored to approximate a
specific real-world environmment that a produet will experience.

{0083} Typical random vibration tests use signals that have 2 Gaussian {also termed
normal} distribution, & Gaussian random signal is characterized in the amaplitude domain by
a continuous probability distribution, where the signal values cluster around the mean signal
value, The probability of occurrence of a signal at g particnlsr value (for continuous

probability distributions) or within a particplar “bin,” Le., one of a plumlity of discrete
subsets of a value range (for discrete probability distributions), decreases with the distance of
that value or bin from the mean {or center) value.

{884 Mathematically, some of the low-order central moments of probabiliny

distributions charscterize the random signal properties. The first central moment about the

sl
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mean is zero. The second central muoment is the variance {(the square of the standard

deviation). The third central moment can be reforred to as skewness, or asymmetry of

N

distribution below {versus above} the mean. The fourth contral moment, kurtosis, is a

measure of the “peakedness” of the probability distribution. A random signal with high
kurtosis will have a varfance, due more to infroquent extreme devistions from the mean

~

value, that is, those values i the tails of the distribution, than o frequent deviations closer to

the meay value,

{5805} Kurtosis is a scalar value, also defined as the fourth cumulant divided by the
second cumulant, which is equal 0 the fourth moment arpund the mean divided by the square
of the varfance of the probability distribution. As used herein, “zero oxcess kurtosis”™ msans a
kurtosis of 3. Thia kurtosis value corresponds 1o a2 normal distribution.

{0886} Kurtosis quantifies the probability of occurrence of value excursions outside a
smooth distribution.  This may be observed in a time-domain graph as the presence of
occasional spikes or flat spots in an otherwise uniforme-appearing noise signal. For example,
i vibration testing of a car roof rack, use of a random spectrum having a strictly normal
probability distribution would not account for specific vibration stresses due to potholes,
speed bumps, or rallroad tracks, ete.  Increasing the magnitude of kurtosis in a vibratory
apparatus can establish more reaiistic testing models and more usefild process mechanisms.

{00871 What 15 needed is an apparatus or method that can realize and control a

randow signal with & particalar spectral distrilngtion and & particular value of kurtosis in a

vibratory test system that includes an actuator, a unit under test, and a system controller.

SUMMARY OF THE INVENTION
[0088] The above needs are met by apparatus and methods in accordance with the

present invention, whereln g vibration controller includes a user-selectable kurtosis level na

random vibration test systent.

=>4

8899 In one aspect of the invention, a controlled-kuntesis vibration controller that

provides an excitation random signal to an actuator in response o an input from a motion

b
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generaies a frequency-domain Gaussian distributed random specirum.
{8010] The vibration controller further inclndes & non-Gaussian spectrum generator
that generates a frequency-domain non-Gaussian distribuied random spectan. The non-

Gaussian spectrum generator receives an input signal based on the input from the motion

£

pae]

transducer, generales a scalar k i3 estimate from the Input signal, and compares the scalar
kurtosis estinate to a target value. A result of the comparison is used to generate a time-
domatn envelope with atiributes including amplitades-of-iransients and numbers-oftransients.
The ume-domain envelope {9 used to modulate a ime-domain random signal. The non-
Gaussian spectrum generator also travsforms the modulated time-domain random sigual into &

frequency-domain non-Gaussian distributed random spectrum.

ey

011 The vibration coutroller further includes an inverse transfor function generator
that modulates the regpective spectra from the Gsussian and non-Gaussian spectrum
generators.  The inverse transfer funetion generator receives the input signal and frequency-
fomain transforms the input signal into an input spectrum.  The inverse transfer fanction
generator further receives a vibration controller output drive signal and frequency~domain
transforms the vibration controller ovipnt drive signal into an output drive spectrum.  The
input spectram and the output drive spectrum are processed o produce an estimate of cross
¢

power spectrum density.  The output drive spectruny is processed to produce an estimate of

X

auto power spectrum density. The estimate of cross power spectrum density and the estimate

[57

of auto power spectrum density are respectively averaged, and the respective ay erages ar
divided to generate a frequency-domain inverse transfor function.

{06121 The vibration controller further includes a symbesiver that generates the

1

vibegtion controller output drive signall.  The Gaussian and non-Gaussian spectra are

3

respectively muliiplied by the frequency-domain inverse transfer function, and the respective
3

multiplier outputs are summed and transformed indo the vibration controller output drive

om stgnal.

D‘.

signal, which is fod back to the actuator as the excitation tan

s
i
1
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{0013} In another aspect, & vibration test system is preserted.  The vibration test
system includes a vibration table, a unit under tesi disposed on the vilwation table, a
transducer operably connected to the wit under test, and a controlled-kurtosis controller.

18814] The controlled-kuriosis controller includes a Gaussian spectrum generator that

generates & frequency-domain Gaussian distributed random spectrumy, a non-Gaussian
spectrumn generator that geperates a frequency-domain non-Gaussian distributed random

spectrum, an inverse wansfer function gencrator that medulates the respective spectra from
the Gaussian and non-Gaussian spectrum generators, and & synthesizer that generates the
vibration coniroller owpu drive signal,

e

B815] The non-Gaussian spectrom generator receives an input signal based on an
input from the tansducer, generates a scalar kuriosis estimate from an input signal from the
transducer, compares the scalar kurtosis estimate to a targe! value, uses a result of the
comparison to generate a time-domain envelope with attributes including amphitudes-ofs

transients and numbers-of-transionts, uses the time-domain envelope to modulats a time-

domain randony signal, and tansforms the modulated time-domain random signal into a

frequency-domain pon-Uaussian distriboted random spectrum.

{8016] The inverse transfer funchion gemerstor receives the imput signal and
frequency-domain transforms the input signal into an input spectrumn. The inverse transfor
function generator recetves a vibration controller ontput drive signal and frequency-domain

transforms the vibration controller output drive signal into an output drive spectrum. The
input spectram and the output drive spectrum are processed to produce an estimate of ¢ro
power spectrum density. The output drive spectrum i3 processed to produce an estimale of
auto power spectrum density. The estimate of cross power spectrum density and the estimate

of aido power speetrum density are respectively averaged, and the respective averages are
v bl ; o

divided to generate a frequency-domain inverse transfer function,

{6017] The Ganssian and non-Gaussian spectra are respectively muliiplisd by the
freguency-domain inverse transier function, and the respective multiplier ontpats are summed
and transformed into the vibration controller output drive signal, which is fed back to the

vibration table gs the exciiation random signal,

i
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{018} o another aspect, a method of providing an excitation random signal to an
actuator in response {0 an input from a motion transducer is presested. The method Includes
generating a frequency-domain Oaussian distributed vandom  spectrum, generating a
frequency-domain non-Caussian distributed random spectrum, modulating the respective
(raussian and non-Gaussian speetra, and generating the vibration controller output drive
signal.

(0819} Generating the frequency-domain non-Ganssian distributed random spectrum

B

furthey meludes receiving at

<

yinput signal based on the input from the motion transducer,

’,'}')

generating & scalar kurtosis estimate from the input signal, comparing the scalar kustosis
estimate 1o a target value, using result of the comparison to generate a time-domain envelope
with atiributes including amplitudes-of-transients and pumbers-of-transients, using the time-
domain envelope 1o modulate a time-domain random signal, and ransforming the wodulated
time-domain rapdom signal inte a frequency-domain non-Gaussian distributed random

{0028] Modudaiing the respective Gaussian and non-Gaussian spectea further includes
receiving the input signal and frequency-domain transforming the input signal into an input
spectrunt, receiving a vibration controller output drive signal and frequency-dormaix

wransforming the vibration controller outpwt deive signal inte an output drive spectrum,

37

ul
bt

processing the input spectrum and the output drive spectnan processed to produce

o

estimate of cross power spectram density, processing the output drive spectrum to produce an
estimate of auto power spectram density, averaging the estimate of cross power spectium
density and the estimate of aute power spectrurs density, and dividing the respective averages

to generate a frequency-domatn inverse trausfer function,

{0021} In generating the vibration controller cutpur drive signal, the Gaussisn and

non-Gaussian spectra are respectively multiplied by the frequency-domain inverse transier
function, and the respective multiplier outputs are sumimned and transformed into the vibrstion
controller onipat drive signal. The vibration controlier cutput drive signal is fed back to the

actuator as the excitation random signal,

1
L
I
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{88227 There have thus been ontlined, rather broadly, example features and aspeets of
the invention, in ovder that the detsiled description thereof that follows may be hetier

3

understood, and in order that the present contribution to ihe art may be better appreciated.
There are, of course, additional features of the invention that will be described below and
which will form the subject matier of the claims appended hereto.

{323} In this respect, hefore explaining at lvast one embodiment of the invention in
detail, it is to be understood that the lnvention is not fimited in its application to the details of
constriction and to the arrangements of the componens set forth in the following description
or iiustrated in the drawings. The invention is capable of other embodiments, and of being
practived and carvied out in various ways, [tis also to be understood that the phraseology and

erminology emploved herein, as well as in the abstract, are for the purpese of description,

[

and should not be regarded as Hmiting

=

gy,

8024} As such, those of ordinary skill in the art will readily appreciate that the

3

2

conception upon which this disclosure is based may readily be utilized as a basis for the

designing of other structures, methods, and systems for carrving out the several purposes of

the present invention. [t is important, therefore, that the claims be regarded as inchuding such
equivalent constructions insofar as they do not depart from the spirit and scope of the present
invention.

BRIEF DESCRIPTION OF THE DRAWING
{0025} FIG. 1 s a block diagram of a vibration test transducer and actuator controlier

according to the present invention.

DETAILED DESCRIPTION

10026] The invention will now be described with reference to the drawing figure, in

3

]

which like reforence numerals refer fo like elements threughout  An cmbodiment in

ceordance with the present invention provides a random signal of sufficient power o exciie a

X

e

selected vibration test fixture to the desired test fevels, and further provides a user-selected level
of kurtosis in the signal as verified by measuring the motion of the fixture. The kurtosis

component is controlled dynamically by calenlating the achieved kurtosis magnitude during

-6 -
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successive time intervals, comparing each such value to a user setiing for kurtosis, and

generating successive revised kurtosis signal patterns, cach modified a5 aceded o offeet

f-c

esidual error detecled in preceding intervals.

D827 Representative contemporary vibratory equipment uses a power amplifier,
conumonly electromic or hydraulic, driving an actuator thal moves a vibration table
Electrodynamic coils and hydraunlic actuators under electronic control gan be suitable for

appiving a variety of force levels np to multiple tons.

e

{0028 A tinie-domain signal that describes the excursion of a transducer during a
sampling period may be transformed w and from a frequency~-domain representation using

classical Fourier transformations, approximated by the well-known fasi Fourier trasform

{(FI'T} and #ts tnverse (iFFT}  Terma of the FYT ouiput include g set of “bing™ over a

-

frequency span into which a spectrum is divided. The speciral energy represented by the

]

relative magnitudes of values in the bins correlates 1o the original tme signal, and can be
transtormed back and forth repeatedly with Hitle loss of significance. It is to be understood
that an iFET of a spectrumm ereates @ time-domain signal.

{0029} Terms “Gaussian” and “non-Gaussian™ as used herein refer to properties of

s

candom and psendorandom time domain event sequences. Such sequences can he captured

5

by transducers or synthesized,  In digial form, the sequences can be represented as

»4-.

successions of data samples, also termed signals.  Time-windowed frequency-domain
iranstorms of these signals may be viewed as having speotral content, inctuding powe
speetra. For brevity, the frequency-dotaain transforms of Gaussian and non-Gaussian event
sequences, data samples, or signals are referred to herein as Gaussian and noo-Uaussian
specira, random spectra, or distributed random spectra.

{0368 In the discussion below, the shorthand notations (1) and (8 signify that the

phenomenon under discussion at thal moment s “of thme” and “of frequency,” respectively.

g

Time-domain date, in order w be fransformable to freguency-domain data, are captured a
seguences of digitized values doring tiwe windows,  Such windows may have rectangular
{"boxcar™) boundaries, or may be weighted using variable gain profiles avross the time

window; such gain profiles include Hamming, Hann, sin’x, raised cosine, and numerous

ST
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others. The data blocks can be FFT-converted to the frequency domain, which preserves the
speetral distribution of energy. Simidarly, ¢ speciral distribution can be converted to 8 Hme
data stream by an IFFT, using 2 pseudorandom number generator to generate random phase
charactoristics.  Some well-lmplemented pseudorandom sources permit any pumber of IFFT
outputs from the same spectral data to be uncorvelated in the time domain but spectrally

identical.

X
0

e

[B831] FIG. | shows a vibration test system 10 in block diagram form, Typically,
tunctional blocks within the diagram can be realized by dedicated clectronic circultvy, by
digital signal processing functional units configurable to execute the functions when so
directed, or by analogows apparatus, The blocks can also be realized by software created to
execute the individual functions represented by the blocks when loaded from storage media
nto exseution-capable parts of a general-purpose computer, Certain functional blocks, such
as input and output interface functions, generally use dedicated elecironic circuitey that can
be incorporated into 2 single-purpose or geseral-purpose controller in order to enable
imeraction with external devices.  Distinction between dedicated hardware and optional
software/firmwarehasdware functional blocks may be explicit or implicit herein,

{3832] The system 10 in one or more example embodinments ordinarily execntes i1 g
continwous loop. Operation of the complete control loop Is deseribed with respect to an
arbitrary functional starting point, a fixture fited with & unit under test, & vibration table and
power ampitfier, and a motion sensor, €.¢., 4 motion transducer, all external to a vibration
contredler within the system 10

{08331 A vibration test stand, generally referved to horein as a vibration table 12, may
have & wait wader test (UUT) 14 attached thercto by appropriate mechanisms, such as

mechanical clamps or fasweners 16, Such a table 12 may be of any desired sive and

conformation. Motion may be along one or more translational axes, horizontal or otherwise,

borsr

or aboul rotational axes, vertical or otherwise, For simplicity, it may be assumed that the

table 12 sceepts a UUT 14 roughly the size of an awsomobile radio, and is free 1o move with

,.»

minimel constraint with a single degree of freedom, namely back-and-forth along a test axis

18, at a time. Nonwe of the above attributes of the vibration table shouid be viewed as

-8-
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limiting: for example, 3 UUT 14 may be smaller than a transistor or larger than a track, given
appropriwtely-sized tost apparatus.

{0034 A single sense transducer 20, shown mounted to the table 12, although optionally
mounted 10 the UUT 14 in other embodiments, measures vibration aligned with the test axis 18,
A representative tramsducer 20 i3 an accelerometer, such as a solichstate reactive componert
having a property, such as capaciiance, that is able to change in respouse (o motion of an integral
microelectromechanical system. Such a transducer 20 senses and converts mechanical mation
o an electrical signal that is proportional to the motion of the UUT 14, with an excursion in
amplitude determined by the magnitude of the instantancous motion.  Mumerous other types of
tansducers 20 may be applied, capable of measuring a parameter such as displacement,
velocity, aceeleration, jerk, or a rotational equivalent of one of these, using many alternative
telemetry schemes. Where desired, any of these pavameters can be imegrated or differentiated ©
provide g data stream for use i an example embodiment of a system 10,

0835} In other example embodiments, more than one transducer 20 or a single
transducer 20 configured for detection along or about more than one axis 18 may be
provided. In these cases, vibration fest system pperation may be controlled jointly or
independently for each degree of freedom allowed by the table 12 and sensed by the

transducer{s) 20.

10638] Assuming a single-axis accelerometer as the transducer 20 and a controller

configured to operate In an acceleration space, the signal from the transducer 20, with
appropriate signal conditioning and power 22 a3 needed, is presented as an input M4 W a
fromt-end (input signal) buffer civcult 26 in the controller 10, Such a bulfer 26 may
wncorporate demodulating, passive filtering, andior other signal conditioning (not shown
separately), such as atienusting offset bias, out-of-band noise, and the fike.

{0037} The transducer 20 may instead provide a digital data bit siream oulput by user

i

preference. Where the transducer 20 {5 analog, a buffer output signal 28 is digitized to provide
a streaws of numerical values over a desired range using an input analog o digital converter
{Input A/D} 30 as shown. The remainder of the signal path tp to the output dighal to analog

converter (Cutput 1/A} 100 is digital in example embodinments. The digitived output of the
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fnput A/D 30, termed y(1) 32, Is then fed to two analysis functions. A first of these accepts the
¥{1) 32 data and partitions it 34 into time windowed data blocks that may overlap o anty exient,

The windowed data 36 i3 processed with a first time-domain-to-frequency-domain converter

38, realized in some embodiments using a fast Fourier transform (FFT) process. The FFY
output, termed W 40, includes @ sonse signal power spectrum, as shown in insert chart 4

partitioned into a plurality of so-named frequency bing 44 over the frequency range of interest
46, Successive v} 40 owputs may be based on overlapping or successive time windows, as
dictated by user preforence,

{038]

1«—4

he () 40 outpit is directed o a cross-powsy Spectrum combiner 48, The
second input of the combiner 48 15 an FFT representation x() 50 of the fins! drive output 52,
to be directed to power the vibration table 12, As shown, x{) 50 is converted from a time-
domain digital conwnand signal x2(t) 54 by another FFT process 56, with the signal x{t) $4

By

having been windowed 58 Windowing Umitations can be comparable 1o those that the

windowing function 34 applied to the digitized sense signal ¥{t) 32 data stream, with the
inclusion of such time delay as may be needed to synchronize the command signal x(1) 54
with the sense signal y(t) 32 from the transducer 20, The two Sequency-domain signals (9
40 and x{f} 58, combined 48 as noted, provide successive cross-power spectral density

estimations XPS12 62, The XPSD 62 estimates from successive windows can be averaged 64

e

bin by bin to provide a rolling cross spectrum 66, The output drive spectrum x(5) 50 can also

&

¢ processed alone 68 to provide drive auto-PSD estimations DPSD 70, Like the XPSD 62

T

estimates, the DPSD 70 sstimates from suecessive windows cen be averaged 72 bin by bin,
providing a rolling drive power spectrum 74.

{3038 The bin values within the averaged cross power spectrum 66, divided 76 mto

a test environment free of cxcess kurtosis {e.g., Gaussian random), along with a phase

randomizer 82, provides baseline properties for a phase-randomized spectrum source () 84,
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The output R{E) 86 of the spectrum source O{f) 84, multiplicd 1Ty 88 by the inverse transfer
function H() 78, provides a freguency-domain outp X(0 56,

{0040} As noted above, the digitived, windowed time-domain signal y{§) 36 is also
processed n a second analysis function, termed kurtosis control, further discussed below.
The cutput of the kurtosis control function, having & value X'Y() 92, is summed by a susuner

¥

Y 94 with the signal X(D) 90, This sum 96 is inverse-FFT (iFFT) processed 98 {o provide the
A3

L]

time domain digital drive stream x(1) 34, referenced above. The x{t} 34 signal is then
converted to analog m the embodiment shown, using an oulput digitalvo-analog converter

(Output B/AY 100, of which the low-level analog output excitation signal 102 is applied to a

s

river circnit 104 of appropriate power outpul 1o generste the above-referenced final analog

T

ke final analog output signal 52 13 applied to a driver actuator 106 coupled

gy,
h

output signal §2. 1

to the movable portion 108 of the vibration table 12,

(B84 it is to be onderstood that the conversion of the digital ime-domain signal x(t)

54 10 a low-level analog excitation signal 102 by an Output VA 100, followed by hoosting

thereol with a driver circult 104, typically an external device maiched to the size of the

vibration table 12, are steps specifie to some embodiments, and may be either redundant or

,«n

merged in other embodiments. For example, a driver circuit 104 having sufficient output o

¥

power g speeific actuator 106 may accept & dightal input x(t) 54 at the level impHed—

typrcally internal logic levels within computational devices, optionally buffered using a

T =l

interface such as Universal Serial Bus (USB) or the carlier serial bus R$-232-0r an
analog excitation signal may have appropriate parameters to drive the front end of an

it

,»

amplilier separate from ov integral with a vibration table 12, functioning as the driver civeui

(23

104 shown in FIG.

Jrrres;
[

8842] Actuator technologies akin to loudspeaker volce coils. as  wel

0

ey
-

clecironicaliv-controlled  hydraunlieally- and  pncumatically-powered  rams  and  other
technologies, are suited o realizing driver actuators 106, as dictated by load inertia and

I

{ individual applications.  Thus, any combination of

(59

speetral respense fidelity orjteria o
clectronic and non-electronic signal boosting may be included in the driver etreuit 104, while

the driver actustor 106 may be of any technology selected for a partictlar embodiment.

~ 11~
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3

190431 MIG. 1 further provides illustration of the hurtosis control function. The
windowed time domam signal (13 36 is analyzed by a kurtosis estimator Ky 120 {o supply
& momentary Xurtosis value 122, The momentary kurtosis value 122 {8 a sea
floating-point nomber in the range 3.00 10 7.00 (in some kurtosis models the range may begin

o

at zero: in others there 18 no upper bound) or a fixed-point value or other format providing an

equivalent working range, as dictated by detatls of implementation, The estimator Kygy 12¢

v«¢4

may develop momentary Ev:m‘to.sis values 122 that are computed, smoothed, averaged, and
ke over selected time periods, so that the variance of the kurtosts estimates falls within ar
The window 34 rate used for capturing (1} 32 is selected 1o support useful
and timely kurtosis estimation.
[B844] A wrget kurfosts Kooy value 124 15 provided by the operator &s a step in the
use of example erabodiments. A comparator 126 caloulates the algebraie difference between
the Kygr value 124 and the Kggy momentary value 122 as the momsntary K correction {actor
128, A Window A & N function 130 generates a time-domain kurtosis envelope Kga{t) 132
with particular amphindes (A} and numbers of {ransients (N} occurring at time intervals
controlled by a time delay randomizer Tray 134, the latter configured to suppress sysiem
perindicity artifacts.  For cxample, with zero realived Kyggr 122, comparator output 128
should exceed Kygr 124 © increase Xpwyv 132, For increasing Kpgr 122, cutput 128 should

e

decrease, For Kegr 122 equal to Kyar 124, output 128 should casse Ky 132 to be sufficient

1o canse Kpey 122 and Kyor 124 to wack, For Kggr 122 greater than Xqogy 124, output 12

should simtlarly decrease. Thus, the comparator 126 s labeled “14+AY to suggest the general

range of the result,

,:

{0845} A reference specttum PSDppr 136, either duplicating the reference random

specirum PSDyey 80 above or, in another example embodiment, difforing from i, is applied

?

along

&

vith g signal from phase randomizer RAN 138 as inputs t© a random specirum source
B{f) 140 that provides a reference speetrum RY{D 142, This apectrum RY{} 142 is applied to
an iFFT function 144, the cutput of which {5 a time-domain random signal R'{t) 146,

16846} The R 146 random signal s windowed 148 using the kustosis envelope

Kewvit) 132 derived from the corrected kurtosts signal. The outpat K'{(1) 130 of the windowing

L 12
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function 148 s thus a random nnise signal within the envelope defined by the corrected
kurtosis, and is zere at all other tmes. This signal K'{t) 150 is applied to another FFT fanction
152, the cutput of whick, K'{) 154, thus represents a kurtosis spectrum.  The kurtosis control
function thal accepls & windowed time domain signal ¥(©) 36 and produces a frequency-
domain kurtosis ontput K'(f) 154 is tenmed a frequency-domain kurtosis signal generation
function.

{0647} The frequency-domain kurtesis spectrum KD 134 i3 mulliplied O 158 by the
inverse tansfer function H(H) 78, providing a diive-compensated version of the kurtosis
component. As described above, this product term X 92 is then summed 94 with the
drive-compensated non-kurtosis component X{1) 90 in the frequency domain, thew {(FFT
transformed 98 to the time domain 1o provide the final drive signal x(1) in digital 54 and
analog 102 form.

18648] The inverse transfer function H(f) 78 compensates for the measwed load
dysamies {feedback 24 from the driven vibvation table 12)—hat is, the vibration controlier
does instantancous {requency-domain adjustments to the frequency domain drive spectrum

proportioual to changes in the product of the inverse transfer function and the desired target
profile PSDger $0. The inverse wansier function B {i? 78 is applicd to 8 user-specified
reference spectrum R(E} 86, which may have any desired speciral profile, The product function

Tl 88 defines a compensated spectrum X 99 withons excess kurtosis.

[8045] The inverse transfer function HYE 78 is likewise apphied to the outpuwt K6

154 of the kurtosis controf function, The product fumetion T 138 provides a spectrum X
92 precompensated for errors in achieved kurtosis in the motion of the vibration table 12

{8838} Note that the reference spectra PSDper 80, 136 ave data sets, and can romain
constant over ¢ test interval, while the phase randomizers RAN 82, 138 that establish R(H) &6,
RY{E) 142, as well as the compensation transfer function 5 (¥} that operates on R{f), R ave
repeatediy/continuonsty redefined, so that the compensated spectra X{0, X'(D) can be likewise
repeatedly/continuously redefined.

(0031] The many featyres and advantages of the invention are apparent from the

detailed specification, and, thus, it i3 intended by the appended claims to cover all snch

s

"

jY)
¥
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features and advantages of the invention which fall within the true spirit and scope of the

mvention. Further, since numerous modifications and variations will readily oceur o those

skilled in the art, itis not desired to Hmit the invention to the exact construction and operation

]

iHustrated and described, and, accordingly, all suitable modifications and egquivalents may be

4

resorted {o that fall within the seope of the invention.

- 14 .
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What is claimed s
i A controlled-kuartosis vibration controller which provides an excilation random signal

1o an actuator in response to an input from 8 motion tansducer, the controlled-kurtosis
vibration controlier comprising:

a (aussian spectrum generator which generates s froquency-domain Gaussian
distributed random spectruny

a non-Caussian spectrum generator which generates a frequency-domuain non~-Caussian

ks

distributed random spectrum, wherein the non-(aussian spestrum generator receives an input

o

signal based on the input from the motion transducer, generates a scalar kurtosis estimate from

1

gnal, compares the scalar kurtosis estimate to & target value, uses a resudt of the

Loty x

the input st
comparisen 1o generate 3 tme-domain envelope with atiributes incloding amplitudes-of
fransionts and numbers-of-transionts, uses the tme-domain envelope to modulate a thme
domain randon signal, and wansforms the modulated tme-domain rendom signal into a
frequency-domain non-Uraussian distribnted random spoctrum;

an inverse transter fanction generator which modulates the respective spectra from the
Gaussian and non-CGiaussian spoctrum generators, wherein the faverse trausfer function
renerator recetves the inpul signal and frequency-domain transforms the input signal inte an
input spectrumy, the inverse transfer function generator receives a vibration controller output

drive signal and {regquency-domain transforms the vibration controller output drive signal inlo
an ouniput drive spectrum, the input spectrum and the output drive spectram are procassed 1o
produce an estimate of cross power specirum density, the owlput drive spectrum is processed

to produce an estimate of difve avto power spectrim density, the estimate of cross power

X

spectrum density and the estimate of drive anto power spectrum density are respectively
veraged, and the respective averages are divided to generate a frequency-domain inverse
fransfer function; and
a synthesizer which generates the vibration controller output drive signal, wherein the
Gaussian and non-Gauossian spectra ave respectively wultiplied by the frequency-domain

£

iverse fransfor function, and the respective multiphier outputs are stanmed and ransformed
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inte the vibration controller output drive signal, wiich iz fad back to the actuator as the

excitation random signal.

2

The controlled-kurtosis vidbration controller of claim 1, wherein
the motion wansducer I8 mounted to a movable portion,
a unit under fest s disposed on the movabie portion, and

the motion transducer generates the fnput signal based on movement of the onif under

test along gt least one teost axis.

3. The controlled-kurtosis vibration controller of claim 1, wherein the inverse transfer
function generatty comprises:
a generator whach receives the input signal and generates the tnput spectruny;
a generator which receives the vibration controller owtput deive signal and generates
the cutput drive spectmmy;
a cross power random spectrant estimator which receives the Input spectrom and the
output drive spectrum and generates the estimate of eross power spectram density; and
an averaging funclion for successive estimates of cross power speotrun density.

=

oy

4, The conmrolled-kurtosis vibration controlier of claim 3, wherein the inverse transfer
function generator further comprises:

3

a drive auto-power random spectrum estimator, which receives the output drive
spectrum and generates the estimate of drive auto~power spectrom density;
an averaging function for successive estimates of cross power spectrum density; and

a divider which receives gveraged estimates of cross power spectram density and

drive apio-power speetrum density and computes successive ratios thereofl
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5. The controlicd-kurtosis vibeation controller of claim 1, whereln the Gaussian

spectrinm generator comprises a phase randomizer.

X

8. The controlled-kurtosis vibration controller of clalm 1, wherein the non-Gaussian
SpeCcirum generator comprises:
a generator which generates the time-domain random signal;
a gencrator which generates the time-domain envelope, wherein an instantaneous
nvelope amplitude of the generator output is proportional to a devistion between the sealar
Rurtosis estimate and a target kurtosis value; and
a generalor which generales the pon-Gaussian spectrum, wherein the reference

random signal, windowed by the time-domain envelope, is transformed {from the time domain

to the freguency domain.

o ‘i

7. The controlied-kurtests vibration controlier of claim 1, further comprising:

a summer which sums the Ganssian random spectrum and the non-Caussian random
spectrum, the Gausstan random spectniun being a product of the frequency-domain inverse
wansfer function and the frequency-domain Gaussian distributed random spectrany, and the
non-Gaussian spectrum being a product of the frequency-domain inverse transfer function
and the frequency-domain now-Gaussian distributed random spectrim; and

an outpul digital-to-analog converter which oulpwts a time-domain analog excilation
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~

The controlied-kurtosis vibration controller of claim 1, further comprising an input

fes

signal buffer circutt connected 1o the motion transduser,
Q. The controlied-kurtosis vibration controller of elaim 1, Ruther comprising at least one

phase randomizer which outputs one of a frequency-domain random signal and a time-

domain random signsl,

0 The controlled-kurtosis vibration controller of claim 1, further comprising a driver

N

cirguit connected 1o the actuator,

ey
P

A vibration test system comprising:

a vibration table;

a unit under test disposed on the vibration table;

a transducer operably connected to the unit under test; and

a controtled-kurtosis controlier, wherein the conwolled-kurtosis controtier comprise

a {jaussian spectrum pencrator which generates g frequency-donsain Gaussian
distributed random spectrum;

a non-Gaussian spectym generator which generates a frequency-domain non-Gaussian

distributed random spectrum, wherein the non-Gaussian spectrutm generator receives an inpat
signal based on an input from the transducer, generates a scalar kurtosis estimate from an iput
signal from the transducer, compares the scalar kurtosis estimate to a target value, uses a resulf

of the coraparison 1o generate a time-domain envelope with aftributes including amplitudes-of-
transients and numbers-of-transients, uses the time-domain envelope to modulate a time-
domam random signal, and transforms the modulated time-domain random signal inte a
frequency-domain non-Gaussian distibuted random spectramy

an inverse wansfer Rmetion generator which modulates the respective spectra from the

~

Gaussign and non~(faussisn spectrum generators, wherein the inverse transfer function

generator receives the input signal and frequency-domain transforms the input signal into an

nput spectrum, the inverse transfer function generator reeeives a vibration controlier output

- 18-



WO 2010/141341 PCT/US2010/036533

ignal into

o

drive signal and frequency-domain transforms the vibration controller output drive s

g

by

an output drive spectrum, the input spectrum and the output deive speetrum are processed to
produce an estimate of cross power spectrum densily, the output drive spectrum is processed
o produce an estimate of drive auto power spectrum density, the estimate of cross power
spectrum density and the estimate of drive awto power spectrum den are respectively
averaged, and ihe respective averages ave divided to generate a frequency-dowain inverse
transfer function; and
a synthesizer which generates the vitwation controller output drive signal, wherein the
raussian and non-(iaussian spectra are respectively multiplied by the frequency-domain
inverse fransfer function, and the respective maltiplier outputs are summed and fransformed
;

into the vibration controller outpat drive signal, which is fed back to the vibration table as the

excitation random signal.

12, The vibration test system of claim 11, further comprising a movable portion which

vibrates the unif under test along at least one test axis based on the excitation random signal.

A
!

13, the vibration test system of elaim 11, further comprising a driver actuator which
vibrates the wut under test such that the input has a desired kuriosis value based on the
excitation random. signal fed back to the driver actuator from the controled-kurtosis

controlier.

g

4. A method of providing an excitation random signal to an actuator in response to an

input from a motion transducer, the method ¢o mprising

generating suecessive frequency-domain Gaussian distributed random spectra;

et
,.';‘

s
7
<
:'.f

o)
2

generating snecessive fregquency-domain non-Gaussian distributed randos
whereln generating successive frequency-domain non-Gaussian distributed random spectra

COMprises:
recelving successive windowed input signals based on input from the motion

transducer;

]
[
£l

]
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generating suceessive scalar kurtosis estimates from the windowed input

sigrials

comparing successive scalar Kurtosis estimates to a target value;
using resuits of the conmparisons 10 generate suc ¢ time-domain envelopes

with atiributes including amplitudes-of-transients and numbers~of-transisnts;
using the successive tme-domain envelopes to modulate a time-domain
random signal; and
transforming the successive moedulated time-domaln random signals into
frequency-domain non-CGaussian distributed random spectra;
modualating the respective Gaussian and non-Gaussian specira, wheroin modulating
the respective Gaussian and non-Ganssian spectra comprises:
receiving  successive  windowed  input signals  and  frequency-domain
fransiorming the input signals into snccessive input specira;
receiving successive windowed vibration controller output drive signals and
frequency-domain transforming the successive windowed vibration comrotler output
drive signals into cutput drive specirg
processing the successive windowed input spectra and output drive spectra to
produce successive estimates of cross power spectrum density:
processing the cutput drive spectra to produce estimates of drive auto power
specirunt density;
AVEraging succsasive ostimates of cross power spectrum density;
averaging successive estimaies of drive muo power spectrum density; and
dividing the respective averages to pencrate successive frequency-domain
inverse transfer functions; and
generating the vibration controller output drive signal, wherein suecessive Gaussian
and non-aussian spectra are respectively multiplied by successive freguency-domain
mverse fransfer functions, and the respective multipler outputs are summed snd transformed
into-successive vitwation controller output drive signals, which are fed back to the aciator as

the excitation random signal,

- 24 -
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