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ABSTRACT

As test articles become dimensionally larger, more complex, and massive in weight, combined with the need to excite them
to higherthan traditional levels in order to identify their nonlinear characteristics, modal shakers thatcan generate
significantly higher forcelevels, have longer stroke lengths, and possesshigher velocity limitsare required. While large
scale modaltests may be performed with electrodynamic modal shakers, hydraulic modal shakers become attractive since
they cangenerate higher forcelevelsat lower unit costwith a smaller spatial footprint. While test engineers familiar with
electrodynamic modal shakers are familiar with the challenges of displacementand velocity limits and therelatively mild
shaker nonlinear distortiondueto amplifier gains and shaker flexure structural geometric nonlinearities, they probably are not
as familiarwith the unique set of challenges hydraulic modal shakers present. Theseuniquechallenges includesignificant
nonlineardistortionin the shaker force, issues with the setup ofthe hydraulic power supply and theassociated hydraulic
hosing, velocity limitsas they relate to potentially damaging the hydraulic actuator piston, and safety issues with operating
high-pressure hydraulic systems. This paperaddresses these unique challenges tohelp thetest engineer to better utilize
hydraulic modal shakers on large-scale modal tests.

Keywords: Electrodynamic Modal Shakers, Hydraulic Modal Shakers, Hydraulic Power Supplies, Large-Scale Modal Test,
Nonlinear Distortion.

BACKGROUND

Traditionally electrodynamic modal shakers have beenused for modal testing due to their versatility, linearity, and relative
ease of setup. Formodaltests of smallto medium size test articles, they have sufficient stroke lengthand can provide a
sufficientrange of force levels to indicate, if not fully identify nonlinear characteristics. With modal test articles becoming
dimensionally larger, more complex (e.g., possessing a significant number of nonlinear mechanisms), and massive in weight,
combinedwith the needto excite them to higher thantraditional levels in orderto identify their nonlinear characteristics,
modal shakers that can generate significantly higher force levels, have longer stroke lengths, and possess higher velocity
limits are required. While large scale modaltests may be performed with electrodynamic modal shakers, hydraulic modal
shakers become attractivesince they cangenerate higher force levels at lower unit costwith a smaller spatial footprint. Four
hydraulic modal shakers were used in modal testing the National Aeronautics and Space Administration’s (NASA’s) Ares |-
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X Flight Test Vehicle (FTV) inside the Vehicle Assembly Building (VAB) in 2009 [1-5]. The Ares|-XFTV was 327 feet
talland weighed 1.8 million pounds. Figure 1 showsthe Ares I-X FTV inside the VAB. More recently fiveinertial
hydraulic modal shakers were used in modal testing the Space Launch System (SLS) [6, 7] Mobile Launcher (ML) [8, 9]
inside the VAB in 2019 [10,11]. The ML weighsover 10 million poundsandisover 360 feet tall. The ML Deck supports
the SLSat eight attachmentpoints located atthe bottom of its two boosters, which connectto the ML Vehicle Support Posts
(VSP). The ML Tower provides lateral support to theintegrated SLS launchvehicle via the Vehicle Stabilization System
(VSS) and supports thefuel, power, and data umbilicals runningto SLSand MPCV. The ML Toweralso provides crew
accesstotheMPCV Crew Module (CM). The ML will serve asthe modaltest fixture supporting the Artemis 1 integrated
vehicle duringits ground vibration tests referred to as the integrated vehicle modal test (IMT). Figure 2 showsthe ML
rolling out from the VAB to LaunchPad 39Bin September 2018.

Figure 2. SLS Mobile Launcher Rolling Out to Launch Pad 39B, September2018.

Page2of3



Figure 3 shows the two types of hydraulic modal shakers, aninertial horizontaland an inertial vertical, used duringthe ML
modaltestin 2019. Both hydraulic modal shakers have drip pans to capture any leaking hydraulic fluid andtheir hydraulic
power supplies were not located on the ML to prevent them from adding to theambient background vibration environment.

Figure 3. SLS ML Modal Test Modal Hydraulic Shakers: Inertial Horizontal Shaker (left)
and Inertial Vertical Shaker (right).

While test engineers familiar with electrodynamic modal shakers are familiar with the challenges of displacement and
velocity limits andthe relatively mild shaker nonlinear distortion dueto amplifier gains and shaker flexure structural
geometric nonlinearities, they probably are not as familiar with the unique set of challenges hydraulic modal shakers present.
The unique challenges associated with hydraulic modal shakers include significant nonlinear distortion in the shaker force,
issues with the setup of the hydraulic power supply and the associated hydraulic hosing, velocity limitsastheyrelateto
potentially damaging the hydraulic actuator piston, and safety issues with operating high-pressure hydraulic systems. This
paperaddresses these unique challenges to help the testengineer to better utilize hydraulic modal shakers on large scale
modal tests.

HYDRAULIC ACTUATORBASICS

Hydraulic actuators are comprised ofa piston in a housing with pressurized hydraulic fluid used toexert a pressure to the
face ofthe piston togenerate a force on the piston, which is transmitted through the piston shaftto whatit is attached to with
an equalandopposite force exerted on what the hydraulic actuator housingis attached to. Hydraulic actuators canbe a single
actingor plunger configuration, double acting configuration, ora double acting double ended (i.e. double rod) configuration
asshown in Figure 4. The single actingor plunger configurationrelies on whatthe hydraulic actuator is pushingagainstor
aninternal springto retractthe piston when the hydraulic fluid pressure is decreased (e.g., hydraulic floor jack). The double
actingand double acting double ended configurations exert push/pull forces and are extended/retracted by changing the
pressure differential across thepiston. The double actingdouble ended (double rod) configuration by virtue of the piston
beingsupportedin the off-axis directions on bothends provides potentially greater lateral support thatcanwithstand higher
off-axis loads thana similar double acting hydraulic actuator.
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Figure 4. Hydraulic Actuator Configurations.

Hydraulic actuators used for vibrationand shock testing are comprised of a stiff double acting double ended hydraulic
actuatorand a high frequency response electrohydraulic servo valve[12]. Aservo controllersendsanelectrical command
signalto the electrohydraulic servo valve that positions theservo valve in a single-stage servovalve orthe pilot valve in a
multi-stage servo valve [13]. The servo controller uses position feedback of the hydraulic actuator pistonandthe position of
the multi-stage valves, usually measured with a Linear Variable Displacement transducer (LVDT) [14], to allow the piston to
be placed in the desired starting position (usually mid-stroke). The phase lagassociated with electrohydraulic servo valve
influencesthe various feedback gains. Hydraulic actuators are inherently unstable andthe servo controller is required to set
the desired piston position. Inmost cases one would set the pistonto the center position just prior to initiating thedesired
motion. Inthe caseof vertically positioned actuators, one would retractallactuators priorto pressuring the system down.
The servo controller, its electrical command signal to the electrohydraulic servo valve, andthe actuator positionand valve
position signalfeedback is oftenreferred toasthe“innerloop”. The outerloop controlis generally based onforceor
acceleration feedback andmay beopenor closed loop in nature.

The electrohydraulic servo valveis comprised ofa spool or spools, if multi-stage, with lands sliding in a sleeve, which has
porting grooves matchedto the lands. The openings betweenthelandsand grooves form four flow control orifices that
simultaneously directs pressurized hydraulic fluid produced from the hydraulic power supply to one side of the hydraulic
actuatorand directs theexhausted oil from the other side back to the hydraulic power supply reservoir [15]. Higherflowrate
requirements of the hydraulic actuator requires multi-stage electrohydraulic servo valves, where eachstage is hydraulically,
not mechanically, linkedto its successor. Forthe double actingand double acting double ended hydraulic actuator
configurations, two hydraulic fluid hoses run between the hydraulic power supply and the hydraulic actuator with the feed
line supplyingthe higher pressure hydraulic fluid and the lower pressure return line bringing back hydraulic fluid from the
hydraulic actuator to the hydraulic power supply reservoir. Figure 5 shows howthe motion of the servovalvesends high
pressure source hydraulic fluid (Ps) to and pulls the lower pressure returnhydraulic fluid (Pr) from a double acting hydraulic
actuator in orderto make it extendandretract. Figure 6 showsa 4 stage electrohydraulic servo valve [15].
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Figure 5. Servo Valve Extendingand Retracting Hydraulic Actuator [2].
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Figure 6. 4 Stage Electrohydraulic Servo Valve[15].

The servo controllerin additionto generating the electrical command signal for the servovalveto move the hydraulic piston,
based upon the shaker controllers drive signal, also generates a high frequency dither signal, whose frequency should be well
above themodaltest frequency range of interest. The purpose of the dither signalisto cause the servovalveto undergo very
smallamplitudeoscillations (i.e., dither) to prevent sticking from occurring. The dithersignalis generally set to a frequency
an octave or more above theresonant frequency of the pilot valve where the system transfer function has minimal gain.
While this dither signalshould be high enough to be outside themodal test frequency range of interest, it may produce local
responses in the testarticle, particularly closeto drive point locations, and therefore canaffect the data acquisitionsystem
(DAQ) fullscale settings, particularly for these channels. Even if the dither frequency is well outside the modal test
frequencyrange of interest, it is recommendedthat at least oneset of data be acquired at anappropriately high sampling
frequencyto capture thedither signaland the test article’s response to it while the shaker drive signalto the servo controller
is off. Intheunlikelyevent that the testpayload of interest has a localized resonance associated with the dither frequency,
the dither may be shifted (typically higher) in frequency tominimize the unwanted effects.

Hydraulic actuators have a dynamic stroke limit anda mechanical stroke limit. When the hydraulic actuator reaches it
dynamic stroke limit, the piston starts to engage its dashpots thatbegin to bleed off the hydraulic fluid thatis applying the
force on the piston in orderto try and reducethe piston’s velocity prior to reaching its mechanical stroke limit where it
impactsthehousing’s mechanical stops. The testengineer is cautioned not to operatethe hydraulic actuators to exceed their
dynamic stroke limits for two reasons. First, if the dashpots areengagedthe hydraulic actuator force has significantly more
nonlinear distortion due tothe dashpots bleeding off the hydraulic fluid. Therefore, to minimize the hydraulic actuator’s
nonlinear distortionthe dynamic stroke limits should not be exceeded. Second, typically the distance between the dynamic
and mechanical stroke limits is relatively small, so there isa good chance that if the hydraulic actuator exceeds its dynamic
stroke limit it will reach its mechanical stroke limit. Repeated contract with the mechanical stops, particularly athigh
velocity, canpermanently damage the hydraulic actuator pistonand its housing.

The hydraulic power supply consists of a hydraulic fluid reservoir tank, hydraulic pump, heat exchanger to maintain the
hydraulic fluid temperature, and filtration to maintain the cleanliness of the hydraulic fluid. It isestimated thatat least 75%
of hydraulic system failures and maintenance activities arethe result of contaminated hydraulic fluid. Fluid conditioning
playsa criticalrole in maintaining the performance of all hydraulics equipment. This is especially true in the case of servo-
hydraulic equipmentwhere the precision clearances and high relative velocities betweenthe moving parts place extreme
demands onthe hydraulic fluid [16]. Oil cleanliness should be tested ona regular basis based on system usage andany time
there is a major componentfailure suchas a damagedbearingor valve. When thesystemis idle, it is highly recommended
thatoilbe continually circulated through thefiltration system andthat a near operational temperature be maintained. If the
modaltest isto be performed in eithera very cold or hot environments, care needs to be taken that the hydraulic power
supply heatexchanger is capable of properly maintaining the temperature ofthe hydraulic fluid. In addition, if the hydraulic
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equipment willbe exposedto high humidity, oil contamination dueto theintroduction of water must be prevented [16].
Proper filtrationand temperature control are essential for maintaining the quality of the hydraulic oiland the health of the
hydraulic actuator. From a modal testing perspective, the hydraulic power supply with its hydraulic pump represents a
vibrationexciter thatneeds to be located so that it is vibrationally, and possibly acoustically, isolated from thetest article. Of
course, the vibration and acoustic isolation of the hydraulic power supply needs to be balanced againstthe available length of
the hydraulic fluid hoses and theirisolations fromthetest article aswell. Therefore, vibrationand acoustic isolationofthe
hydraulic power supplies andtheir hoses needs to be takeninto consideration when selecting the layout of the modal
hydraulic shakers.

HYDRAULIC ACTUATORNONLINEARDISTORTION

The source of thehydraulic actuator force nonlinear distortion is due to the servovalvenotbeinga linear flow controller that
hasa nonlinear flowresponse, whichis a function of the pressure acrossthe valve. The oil flowthroughthe control orifices
is a function of both thearea of the orifice and the square rootof the pressure drop acrossthe orifice. Itisthis relation of
flowto the square rootof the pressure drop that is a major source of the hydraulic actuator force nonlinear distortion [12,15].
A detailed discussion of the nonlinearities of the servo controllercanbe found in [12,15]. If theshaker drive signalisa fixed
frequency sine wave, thenonlinear flow characteristics of theservo valve produces a hydraulic actuator force that contains
predominantly odd superharmonics of the fundamental drive frequency. Compounding this nonlinear effect is the hydraulic
actuatoractsasa lightly damped single-degree-of-freedom (SDOF) oscillator thatamplifies pressure oscillationclose to its
oil column resonance frequency. The oilcolumnresonance frequency isa functionof the hydraulic fluid column heightand
cross-sectionalarea, the effective bulk modulus of the hydraulic fluid, and the total mass the hydraulic actuator is supporting,
includingthe mass of the pistonitself. Figure 7 shows the equationforthe oil columnresonance frequency[15]. The
effective bulk modulus of the hydraulic fluid is a function of pressure and the amount of entrainedair in the hydraulic fluid.
The more entrainedair, the lower the effective bulk modulus (i.e., thisis why we bleed our car’s brake lines afterworkingon
the brakesystem). Inadditionto entrained airin the hydraulic fluid loweringits effective bulk modulus and decreasing the
hydraulic actuator peak force capability, formation of air bubbles in the hydraulic fluid can lead to cavitationin the hydraulic
pumps, which can cause them to fail.

Any superhamonic that is close to the oil column resonance frequency willbe amplified by the oil columnresonance and
lead to further increased nonlinear distortion in the hydraulic actuator force. Figure 8 shows examples of thenonlinear
distortion that were observed in a hydraulic modal shaker forcetime history duringa linear sine sweep. Duringhigher
frequencies in the sine sweep, the fundamental harmonic of the modal shaker force has a higheramplitude than the unfiltered
modal shaker force while at lower frequencies the opposite is true with the unfiltered modal shaker force havinga significant
impulsive spike occurringatthe positiveand negative peaks of the unfiltered modal shaker force. Figure 9 showsthe
corresponding PSD water fall plot clearly showingthe dominance ofthe odd superhammonics.

Figure 10 shows the normal probability plot of a hydraulic modal shaker force time history where the shaker drive signalwas
a bandwidth limited Gaussiansignal [11]. The hydraulic modalshaker force exhibits significant non-Gaussian behavior
because the empirical cumulative distribution function (ECD) does notlie on a straight line when plotted in a normal
probability plot and has a kurtosis value of 1.5. Boththenormal probability plot and the kurtosis value being lessthan 3
showthe positive and negativeexcursions are notas large as thatof a Gaussian distribution. The test engineer isencouraged
to look at the ECD in addition to the traditional histogram (i.e., empirical probability density function (EPDF)) because the
deviations froma Gaussian distribution in the tailareas (i.e., where the excursions are occurring) can be sometimes hard to
see when lookingat the EPDF.
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Figure 10. Normal Probability Plot of a Hydraulic Modal Shaker Force Time History With Gaussian Random Drive Signal.

Dependingupontherelative phasing between the fundamental and superharmonic force components, the peak amplitude of
the unfiltered shaker force time history may be greaterthanor less thanthat of its fundamental harmonic. Total Harmonic
Distortion (THD) isa measurement of the amountof harmonic distortion present and is the ratio of the sum ofthe power of
all superharmonics to the power of the fundamental harmonic [17]. ATHD of 0% indicates no superharmonics present and
thusno nonlinear distortion. Forreferencea square wavehasa THD of 48.3%, a sawtooth wave hasa THD of 80.3%, and a
symmetric triangle wave hasa THD of 12.1%. THD however does notcontain information aboutthe relative phasing of the
harmonics andtherefore does not provide insight into the waveform of the shaker forcetime history. Figure 11 shows how
the relative phasing between the fundamental and superharmonic force components affects the peak amplitude of the shaker
force time history. Thesethreeshaker force timehistories have the same superharmonic amplitudes, and therefore the same
THD, where the only difference is the relative phasing of the 3™ superhamonic.

Harmarie Distortion (THD = 32%) Harmonic Distortion (THD = 32%) Harmonic Distortion [THD = 32%)

Figure 11. Harmonic Distortion, 3™ Harmonic Phase Angle 0 deg (left), 90 deg (center), 180 deg (right).

If the modal hydraulic shakers are being drivenwith continuous or burstrandom signals, the nonlinear distortion of the
hydraulic actuator force may require nonlinear filtering to achieve a desired spectral content (e.g., need to adjustthe shaker
drive signalaround 5 Hz to adjust the hydraulic modal shaker forcearound 15 Hz due toa dominant 3" superharmonic).

SHAKER PERFORMANCE LIMITS
Electrodynamic modal shakers have performance limits defined by its peak displacement, peak velocity, and peak force.

These three parameters in turn specify a low frequency displacement limit curve, possibly a mid frequency velocity limit
curve,anda high frequencyacceleration limit curve, which form straightline segmentsona log frequency vs log acceleration
plot. The lowfrequencydisplacementlimit is a functionof the peak displacement limit, which foran electrodynamic model
shakerisa function of the armature flexure design and has a slope proportional to frequency squared (i.e., 40 dB/decor 12
dB/oct). The mid frequency velocity limit is a function of the maximum currentthe shaker amplifier canproduceand hasa
slope proportional to frequency (i.e. 20 dB/dec or 6 dB/oct). If the shakeramplifieris sized large enough, it does not impose
a velocity limit andtheelectrodynamic modal shaker only has a low frequency displacement limit anda high frequency
accelerationlimit. The high frequencyacceleration limit is simply the peak forcedivided by the total mass the shaker is
moving (i.e., the sum of thearmature mass andthe mass the shakeris drivingon). Figure 12 shows an example ofa
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theoretical electrodynamic modal shaker performance limit curves, where the solid black line represents the performance
curve when theshaker is pushingon 50 Ibm. Note that whenthis shaker is pushingon 100 lom, the acceleration limit curve
is lowered sufficiently that the performance curveonly consists of thedisplacementlimit andacceleration limit curves.
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Figure 12. Electrodynamic Modal Shaker Performance Limit Curve.

Hydraulic modal shakers have their performance limits defined by its displacement limit, peak velocity, peak dynamic force,
oil column resonance frequency, andservo valve corner frequency[18]. The hydraulic modalshaker’soilcolumnactsasa
second order mechanical system that above theoil columnresonance frequency has a slope proportional to the inverse of the
frequencysquared (i.e.,-40 dB/dec or-12 dB/oct). The servovalveactsasa first order mechanical system that aboveiits
corner frequency has a slope proportional to the inverse of the frequency (i.e.,-20 dB/dec or-6 dB/oct). Hydraulic modal
shakers displacement limits are typically set to be equalto or slightly less than their dynamic stroke limit in orderto avoid
engagingthe dashpots or accidentally reaching their mechanical stroke limit. Hydraulic power supplies are designed to
producea specified flow rate of hydraulic fluid. The pressurization that results is the due to the resistance to that flow.
Therefore, asthehydraulic modal shaker actuator piston velocity increases the hydraulic pressure decreases. Hence the
hydraulic modal shakers mid frequency velocity limit is a functionof boththe hydraulic power supply maximum flow rate
and the minimum pressure needed toadequately “float” the hydraulic actuator piston in order to preventit from rubbingup
against the housingand undergoing scoring. The plateau in the high frequency acceleration limit isa function of the peak
dynamic force the hydraulic modal shaker canproduce and thetotalamountof mass it is driving, which includes the actuator
piston mass. At frequencies abovethe oil column resonance frequency and servovalve corner frequency, the high frequency
acceleration limit curve has a slope proportional to the inverse of thefrequency cubed (i.e., -60 dB/decor-18 dB/oct). Figure
13 shows an example of a theoretical hydraulic modal shaker performance limit curves, whichassumes no nonlinear
distortion in the shaker force, where the solid black line represents the performance curve whentheshaker is pushingon 50
Iom, the oil column resonance frequencyis 70 Hz, and the servo valve corner frequency is 150 Hz. Note that whenthis
shakeris pushingon a 100lbm, theacceleration limit is lowered sufficiently thatthe hydraulic modal shaker is not velocity
limited.

Accoleration (g)

Figure 13. Hydraulic Modal Shaker Performance Limit Curve.
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The electrohydraulic servo controller does not limit the hydraulic actuator displacement and therefore does notprevent the
hydraulic actuator from exceeding its dynamic stroke limits, reaching its mechanical stroke limit, or exceeding is velocity
limit. However, the LVDT displacement signal of the hydraulic pistonisavailable forrecordingand monitoringduring
testingto help with this. In orderto get an accurate measurementof the hydraulic actuator displacement, it is recommended
thatan in-situ calibration be performed where the hydraulic actuator pistonis fully extended and fully retracted with the
LVDT signalrecorded atboth locations to obtain anaccurate LVDT displacementsensitivity.

There are two options for limiting the displacementof a hydraulic actuator. One option isto incorporate an outer nonlinear
closed-loop controller. The otheroption isto perform a seriesopenloop pretest runsto developa combination of drive
signalsand servo controller gains thatprevent the hydraulic actuator from exceeding its dynamic stroke and velocity limits.
In either case it is recommended that test engineers monitor the hydraulic actuator displacements, hydraulic pressure, and
hydraulic actuator force and be able to make manual adjustments to the servo controller gainsas needed. Acomputerized
monitoring system with video surveillanceto providereal-time views of the modal shakers is very helpful in protectingthe
health of the modal shakersand testarticle [10].

As already pointed out the relative phasing between the fundamental and superharmonics force components can lead the peak
amplitude of the shaker force time history at a particular frequency to begreaterthanorlessthanthat of its fundamental
harmonic. Therefore, thetheoretical shaker performancelimit curve of a hydraulic modal shaker may notbe a conservative
upperboundofthe actual shaker performance limit curve. To generateanactual hydraulic modal shaker performance limit
curve in its test setup, thetest engineer candrive the hydraulic modal shaker with a sine sweep with thetest engineer closely
monitoringitand operatingit as close as possible to its displacement, velocity, andacceleration limits. Thisshakerforce
time history can thenbe sine postprocessed usinga bandpass tracking filter to generate the spectrum ofthe fundamental
harmonic of theshaker force, which canthen be further adjusted to come up with the actual hydraulic modal shaker
performancelimit curve. Figure 14 shows an actual hydraulic modal shaker performance limit curve. At lowfrequencies it
is defined by a peak displacementthat was set tobe 75% of thedynamic stroke limit. The bucketin the knee andthe knee
itself in Figure 14 are a result of thevelocity limit (i.e. maintaininga minimum hydraulic pressure). At high frequencies it is
defined by the peak dynamic forceandthe amount of mass it is drivingon. The oil columnresonance frequency and servo
controller corner frequency lie abovethe frequency range of interestresulting in no high frequency rolloffin this plot.
Accurateactual hydraulic modal shaker performance limit curves are a key part in end-to-end force response simulations that
arediscussedbelow.

Acceleration
\'\

Frequency
Figure 14. Actual Hydraulic Modal Shaker Performance Limit Curve.

OPERATIONAL AND SAFETY CONCERNS

If forsome reason, there isa major failure in the servo controller or with the feedback signals to it (e.g., a brokenfeedback
cable, LVDT goesbad), the hydraulic actuator has the potentialto moveto full strokeat full force. This failure mode isvery
similarto the failure mode produced by a major failure in the electrodynamic modal shaker amplifier (e.g., op ampfails).
Thisis why personnel should not be touching or near a hydraulic modal shaker whentheservo controller is on regardless of
whetherthe hydraulic power supply is on because there can be significant stored energy in the hydraulic system. Dashpots
help in such cases butthere will still be a significanttransientevent. This potential transienteventneedsto be takeninto
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account whensizingthe hydraulic modal shakers, in the selection of the shaker attachmenthardware, and in selectingthe
drive points.

Uninterrupted Power Supply (UPS) backups to the servo controllers are highly recommended to ensure the servo controllers
remain under power in the eventof a power outage to minimizeany transient forces into thetest article. Thisisnecessary
since there isstill a significant amountof potential energy remainingin the hydraulic system because the pressure in the
hydraulic fluid supply line does not instantaneously drop to zero whenthe hydraulic power supply is turned offor loses
power. To ensure the UPS system is functioningas intended in the event of a power outage, aninstrumented bare head test
should be conducted. Simply disconnect line power and ensure that the UPS engages and that there is no transientbehavior
of the excitation system.

Hydraulic modal shakers are stiff compared to electrodynamic modal shakers. 1fa hydraulic actuator loses the command
signalto its servo controller, the servo controller (inner-loop) will use all available force to keepthe pistonstationary at the
userdefined neutral position (typically center stroke), unlike an electrodynamic modal shaker whose resistanceisonly a
function ofthe inertia of its armature and the stiffness of the armature flexures, which are relatively small. Hence if the
hydraulic modal shaker is fixed andloses it command signal, its drive point becomes fixed and can develop significantly high
loads. Thisis especially concerningin the case of over-actuated testconfigurations, wheretwo or more hydraulic modal
shakersare driving very closeto eachotheron the test article, Thiscouldbe the result of wantingto get more forceinto a
particularlocationon thetest article to better excite a particular mode. One solution to thisissue isto integrate eitheractive
or passivedelta-P circuitry into thesystemdesign. The delta-P circuitry, either electrical orhydraulic in nature, will sense
pressure differences between hydraulic actuators with a common line of action andwill cross port the hydraulic fluid in such
a manneras to make the hydraulic actuators softer (passive), similarto the way electrodynamic exciters would behave. The
effectiveness of delta-P configurations is a design parameter that should be analyzed ona case by case basisandwhile it will
typically not be effective over the maximum operating pressure range, implementation is highly recommended for over-
actuated systems. The integration of passive delta-P consists of cross porting internalto theslave valve(s) and while flow
requirements to the valve increases, there is a secondary advantage in that THD may be significantly reduced. Again, this
potential failure mode needsto be takeninto consideration whensizingand choosing the layoutof the hydraulic modal
shakers.

When using hydraulic modal shakers and their associated hydraulic power supplies and hydraulic hosing, safety procedures
should be followed to protect personnel, test article, and facility. Of fundamental importance is that the pressure rating of the
actuators, bearingsandsupply lines are documented and that the hydraulic power supply is not allowed to exceed these
maximum pressure limits. Safety issuesrelated tospillage and leakage need to betaken intoaccountin the test planning,
preparationandexecution. Adrip pan to collect dripping/leaking hydraulic fluid from the hydraulic actuatorand its
hydraulic fittings may beneeded. Some amountof residual leakage isto be expected and keepingthe work area associated
with any servo-hydraulic system clean should be considered mandatory continual maintenance. Safety procedures for
inspection and detection of leaking/cracked hydraulic hoses should be implemented to prevent potential contamination of the
test article with hydraulic fluid. Personnel safety procedures should also befollowedto prevent personnel from being
exposedto thehazards from operating hydraulic systems. Personnel safety procedures should cover hazards such as being
sprayedby the hothydraulic fluid, being hit by flailing hydraulic hoses, and when handling hoses the potential of having
hydraulic fluid injected under the skin, which can have grave medical complications [19].

When usingan electrodynamic modal shaker ora hydraulic shaker modal shaker asaninertial shaker (i.e., pushingagainstan
inertial mass instead of a support stand in orderto generatea force againstthe test article, sometimes referred to as Proof
Mass Actuators), the amount of force theshaker cangeneratedatlow frequency is a function of both its stroke limit and the
totalinertialmass. Foran electrodynamic modal shaker this totalinertial mass includes the mass of its housingand field
coils. Fora hydraulic modalshaker this total inertial mass includes the mass of the hydraulic actuator housing. If high force
levelsare neededatvery lowfrequency, the total inertial mass could be well over several hundred pounds.

Two inertial shaker optionsto consider are suspending the shaker or mounting the shaker on a slide system that is fixed to the
testarticle. Suspendingthe shaker potentially provides the greatest amountof vibrationisolation, but also incurs the
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additional safety constraints due to havinga potentially very heavy suspended weight. In addition, fora hydraulic modal
shaker, care needs to be exercisedto ensure the hydraulic hoses donotstructurally short the shaker (i.e., transmit shaker
vibrations back intothe testarticle). If mountingthe shakeron a slide system mountedto the testarticle, two optionsto
considerarerollerorballbearingrailsand hydrostatic bearings. While hydrostatic bearings providethe lowest frictionand
smoothest support, care needs to be takenthat they are energized priorto theenergizing the electrodynamic or hydraulic
modalshaker. Forhydraulic modal shakers this typically means the hydrostatic bearing hydraulic power suppliesare
independentof thoseforthehydraulic actuators. Also, there should be a mechanical locking device to lock the hydraulic
modal shakerwhennotbeingusedto prevent rubbing occurringin the hydrostatic bearingwhen it is not energized. Itis
recommendedthat a minimal set of accelerometers be mounted onaninertial shaker to monitor its dynamics and motion
duringtesting. Forinertialshakerssupported ona slide system mountedto the test article, it is recommended that sufficient
in-line accelerometers be mounted tothe shaker’s inertial mass and anin-situ calibrationusing the acceleration of the inertial
mass be usedto verify theforce being measured by the load cell used to measure the shaker force into thetest article.
Differences betweenthe load cell force and the acceleration of theinertial mass can indicate stick/slip or significant frictionis
occurringin the slide system andtheloadcell force is inaccurate and leading to incorrect modal parameters, in particular
mass scaling of the test mode shapes. For inertial shakers supported ona slide system mountedto the testarticle and pushing
ona vertical post that is part of the shaker fixture, the compliance of this vertical postmay need to be modeled if it is not
sufficiently stiff. To verify the stiffness properties ofthe vertical post, strain gauges near the line of rotation and in-line
accelerometersatthe top and bottom of the vertical post could be installed and monitored during testing.

If piezoelectric load cells or load washers are usedto attachtheinertial shaker to the testarticle that incorporate a preload
bolt in series with the load cell, it is recommended that long time constantsignal conditioners be usedto measure thebolt
preload during installation instead of usingthe bolt torque. Havingthe correct preload is important because piezoelectric
load cells orload washers needto have the properamountof compressionto work properly. The static compression provided
by the preload bolt needs to be high enough that the maximum dynamic tensile loading does not causethe load cell to see less
than aminimum amount of dynamic compression loadingin orderto remain a linear sensor. The static compression provided
by the preload bolt alsomust not be too greatso the maximum dynamic compressive loading does notexceedthestructural
limits of the loadcell orload washer (i.e., exceed its crush limit load). Inadditionbecause thepreload bolt load s in series
with the load cell orload washer load, the load being measured by the load cell or load washercanbe up to20%belowthe
true loading(i.e., up to 20% of theloadis beingtaken up by the preload bolt). Therefore,anin-situ calibration should be
performedto obtainanaccurate load cell or load washer sensitivity.

Best practice isto disconnect theunused shaker from thetest article so thatit has no effect. Forinertial shakers supported by
a hydrostatic bearing, this also means the hydrostatic bearings should beenergized. However, disconnecting shakers may not
alwaysbe possible due to access issues. Inthat caseit is recommended a sensitivity analysis be performed with the test
article pretest FEM to determine the effect of havingunused shakers attached to thetest article on thetest article FEM modes.
Thiswill determine if the test article FEM needs to be test configuration specific, which can potentially makethe
bookkeeping of the testarticle FEM correlation more cumbersome.

PRETEST ANALYSIS: END-TO-END FORCE RESPONSE SIMULATION

Itis recommendedfor large scale modal tests that in addition to the standard pretest analysis, which verifies the layoutof the
modal shakers andsensors (e.g., accelerometers) are sufficientto identify all target modes, anend-to-end force response
simulationshouldbe performedto verify the modal shakers have sufficient force capability and thetypes of modal
accelerometers have sufficiently low noise floors and dynamic ranges. Thisend-to-endsimulationshould include the sensor,
ambientenvironment (i.e. vibration and electronic noise), and data acquisition noise levels. Thisend-to-end simulation
should also include an accurate presentation of the shaker performance (i.e., shaker forces not exceeding its displacement,
velocity, acceleration (peak force) limits, etc.). Thiswill help to inform what excitationtypes to use; single-point, multi-
point, continuous random, burstrandom, sine sweep, normal mode tuning. Continuous random and burst random have the
simplest setupandtendto linearize the response of thetest article. Forsimulations using either continuous random or burst
random, a single recorded continuous random shaker force time history of sufficient duration canbe manipulatedto generate
multiple uncorrelated random shaker forcetime histories usinga “slinky approach” [11]. The “slinky approach” takesthe

Page 12 of 13



recorded random shaker force time history and removes the first time interval, havinga duration greaterthanorequalto the
maximum frame length thatwill be used when processingthe timehistories into FRF, andappends it to the end, to generate
the 2" modal shaker uncorrelated random shaker forcetime history. Then this process is repeated, but now operating on the
2" modal shaker uncorrelated random forcetime history to generate the 3" modal shaker uncorrelated random shaker force
time history. Thisprocessis repeatedas neededto generate uncorrelated random shaker force timehistories forallmodal
shakers. Figure 15 showsthe “slinky approach” for creating three modal shaker uncorrelated random force time histories,
where T representsthe i time interval of the original modal shaker random force time history.

I—| T1 [ T2 | T3 [ | [ | Tend | J Shaker #1
L T x/| T3 r’( | | | Tend‘//| T | Shaker #2

[ T3 //| | | | Tend‘/|/ T A/| T2 | «——1 Shaker#s

Figure 15. Generating Uncorrelated Random Force Time Histories.

If the time interval chosenhas a duration shorter thanthe data processing frame length, theses random time histories will not
be uncorrelated because from the data processing perspective, the timehistories in each data block appearto be
predominantly timeshifted random signals, which havea significantly nonzero coherence and are thus notuncorrelated [20].

If measured modal shaker random force time histories are not available, butthe modal shaker force PSD isavailable,
uncorrelated Gaussian random signals can be filtered with a bandpass filter approximating the modal shaker force PSD to
generatemodal shaker uncorrelated random forcetime histories. Dependinguponthe desired crest factor, say 5, one canthen
setthe 5o levelto be equalto the maximum modalshaker force. Thenthese modalshakeruncorrelated random shaker forces
canbeusedinan end-to-end forceresponse simulation, discussed below, and computethe peak velocities and displacements
and checkthem against the modal shaker displacement and velocity limits, respectively, and make adjustments as necessary
to ensure modal shaker limitsare not exceeded. Thisopen-loop approach eliminates the need for designinga complicated
mathematical model of the modal shakerandthelong run times of the associated force response analysis simulations.

Sine dwell and sine sweeps have the advantage of putting more energy intothe testarticle at a particular frequency, which
can be helpful if the noise levelsare high, and canbetter identify the nonlinearities of thetest article, but are also prone to
excite unwanted rattlingin the test article. Two approachesto multi-point sine dwell testingare optimal phasing[21] and
frequencywrapping[22]. The optimal phasingapproachhasallshakersdrivingat thesame frequency, butwith different
phasing. The optimal phasingapproach hastheadvantage of putting the most energy into the test article of thesetwo
approaches, but has the disadvantage that closed-loop control of the modal shakers isneeded in order to maintain their
relative phasing, especially in frequency bands aroundthetest article resonance frequencies. 1fthe modal shakers were
operated open-loop, atfrequencies close to the test article resonance frequencies the modal shakers would lose their relative
phasing producing corrupted FRF from whichaccurate modal parameters could notbe extracted. The optimal phasing
approachhas another disadvantage in thatit requires at least as many phasing combinations as shakers, so thata modal test
usingthree modal shakers would require threesine sweeps. The frequency wrappingapproach has each modal shaker driving
ata different frequencyatanytime, andthus hastheadvantage of not requiring close-loop control to maintain therelative
phasing between themodal shakers, buthas the disadvantage that it does not as strongly excitingthetest article asthe
optimal phasingapproach. Normalmode tuning, which excites the testarticle at a single frequency requires closed-loop
control of themodal shakers for proper scaling of theforce magnitudes and phasing. Typically, modal tests use slow sweep
rates (e.g., 0.5 oct/min)to give the test article timeto reach closeto its steady state resonanceresponse ateachmode. Fora
sweep frequencyrange (i.e., in excess of anoctave) a logarithmic sweep rate is preferred instead of a linear sweep rate in
orderto get the same number of cycles of excitation into boththe lowest frequency and highest frequency modes. However,
dependingon thefrequency range of interest a faster sine sweep rate may be required dueto thetest schedule or the modal
shakersthermal coolingissues. The effect ofthe sine sweeprateon theresponseof a SDOF oscillatoris discussed in [23,
24].
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Forboth large electrodynamic and hydraulic modal shakers, it is recommended a few accelerometers be mounted onthem
and/ortheir support structure to capture their dynamic motionduring testing. Thiscanhelp to identify unexpected vibration
levels in them andtheir support structure that can potentially lead to off-axis misalignment issues, which in turn produce
unmeasured forces into the test article that will corrupt the test data (i.e., incorrect FRF). Itis recommended a mini-modal
hammertap test be performed on the modal shaker setups themselves to provideinsights into whether modifications to the
modal shaker setupsare needed prior to when themodal test begins (e.g., better securing the modal shakers to their support
stands, addinga thin foam pad between the shakerandits support stand to increase damping, etc.). Also, forlarge
electrodynamic and hydraulic modal shakers, the shaker attachment hardware needs to be strong enough to withstand the
shaker forces, while at the same time minimizing off-axis excitationinto thetest article. The design ofthe hardware
connectingtheactuator to the testarticle can be challengingand require significantdesign consideration. Commensurate
with this, the test article needs hard-points at which these high forces can be applied. This may require analyzingthetest
article to ensure it can either withstand the maximum force the modal shakers can produce or determining the force limits to
be set forthe modal shakers.

HYDRAULIC MULTI-AXISSHAKERVIBRATIONTESTFACILITIES & BEYOND

Civil engineers have used single-axis and multi-axis shaker vibrationtest facilities utilizing hydraulic shakers to seismically
test civil engineeringstructures for many decades because ofthe high displacement, velocity, and force requirements [15, 25
—28]. Both the European Space Agency (ESA)and NASA havebuilt their own multi-axis shaker vibration testfacilities
utilizing hydraulic shakersto test large scale aerospace flight hardware. The European Space Agency (ESA) European Space
Researchand Technology Center (ESTEC) HYDRA 6-DOF multi-axis hydraulic shaker vibrationtest facility has 8 hydraulic
actuatorsanda custom built nonlinear shaker controller to significantly reduce thenonlinear distortion [29 — 36]. The NASA
Mechanical Vibration Facility (MVF), which has 16 verticaland 4 horizontal hydraulic actuators, was designedto test NASA
Multi-Purpose Crew Vehicle (MPCV) Orion class spacecraft havinga total mass of 75,000 Ib, center of gravity (cg) height
above the MVF Table of 284 in.,and a diameter of 18 ft[37 -41]. However, as structures become increasingly larger, it
simply may not be practical to use either electrodynamic or hydraulic modal shakers dueto the high level of theambient
vibrationenvironment and/or due to operational constraints. Civilengineers haveturnedto using Operational Modal
Analysis (OMA), which uses the ambient vibration environmentto identify the modal parameters of civil structures [42 —
54]. Similarly, aerospaceengineers have also used OMA to identify the modal parameters of large scale ground based
structures [55]and of launch vehicles during flight from their flight data [56 — 58]. Foraircraftand spacecraft, theirmodal
parameters have been identified from theanalysis of their response to attitude control inputs [59] and for the Hubble Space
Telescope from its response to attitude control inputs and jitter [60, 61].

Even if the test engineer will be using electrodynamic or hydraulic modal shakers to excite the test article (i.e., traditional
Experimental Modal Analysis), they areencouraged to expand the standard data quality checks performed on recorded
ambientdatato include OMAtechniques. Thiscanprovidea quick lookatthe testarticle modesand in particular which
modesare well excited by the ambientenvironment and help to determine the minimum modal shaker forces needed to
obtainanadequate signalto noise ratio.

CONCLUSIONS

Hydraulic modal shakers become more attractive as test articles become dimensionally larger, more complex, and massive in
weight, combined with theneedto excite them to higher than traditional levels to identify their nonlinear characteristics.
Hydraulic modal shakers can generate higher force levels, have longer stroke lengths, and higher velocity limits, at lower unit
cost with a smaller spatial footprint comparedto electrodynamic modal shakers. However, they presentsome unique
challenges, which the test engineer needs to be aware of to successfully utilize themin a modal test. This paperhascovered
the basics of electrohydraulic servo valves and hydraulic actuators, whatcauses the nonlinear distortion in the hydraulic
modal shaker force and how it manifests itself in the response of the testarticle, operational limits that need to be respected,
and safety issuesand best practices that need to befollowed whenoperatingand maintaininga high pressure hydraulic
system. Keepingthesethingsin mind, thetest engineer canfind hydraulic modal shakersto be a valuable tool in performing
high force large scale modal tests. However, the testengineer may find thatevenwith hydraulic modal shakers, the test
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article cannot be sufficiently excited or for large scale test articles that they “naturally ring” due to the ambientenvironment.
If so, they are encouraged to consider adding Operational Modal Analysis techniques to their tool set.
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