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Turbulence modeling in humanin-the-loop simulation is important to assessing aircraft
handling qualities and pilot performance and to provide additional realism for pilot training.
In the simulation community, the Dryden turbulence spectra is a popular choice for modeling
the linear turbulent gusts because its rational form is efficiently reproducedby passing white
noise through linear filters. The MIL -F-8785 gust gradients similarly use additional linear
filters to model the gradient of the turbulent gust over the wing and it represent the gust
gradients asperturbations to the air-relative rotational rates. The Cockpit Motion Facility at
NASA Langley Research Center (LaRC) model continuous random turbulence using the
Dryden onedimensional spectra and MIL-F-8785 gust gradient. The facility recently
reviewed and updatedfts verification of thesemodels as part of an initiative to improve motion
cueing under turbulence. This exercise introduced improved methods for verifying the
turbulence models and led to rediscovery of model assumptions that informed improvements
to implementation.

I. Nomenclature

—

the simulation time step (S)
spatial frequency (rad/ft)

) = power spectral density (PSD) of a turbulence quantity

\% = the turbulence intensiffft/s)

Z = temporal frequency (rad/s)

Ci, G, G = coefficients of the digital form of a first ordélter.

DFT = adiscrete Fourier transform (DFT) sample

L = the characteristic length of a turbulence quartitgltitude(ft)

Lea = the characteristic length of turbulence in the Bmeosphergft)

Npet = theminimum number of pointkr the DFTs usetb reconstruct)
Niotal = the minimum total number of points to reconstrjict

Vv = WKH PDJQLWXGH RI WKH WWKLFOHYY YHORFLW\ YHFWRU
Vstall = dall speed of a vehicle

W = white noiseinput for agust component

a, b, c,d = Laplace coefficients of general first order filter

b = wingspan (ft) dso usedhs alLaplace coefficient of a first order filter
78 = mean aerodynamic chord (ft)

g = execution frequency of the simulation (Hz)

h = altitude above ground level (AGI(ft)

It = the wingto-tail distance (ft)

p,q,r = roll, pitch, and yaw components of an angular velocity vector
ST T9= th® angular ratperturbation®f the turbulencérad/s)

t = current time (s)

u,v,w = longitudinal, lateral, and vertical components of a velocity vector iy bads
X1 Y 9= e lineamperturbation®f the turbulencéft/s)

X,y = input and output, respectively, of a digitized filter
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atmosphere at an altitude of 1750%t/ IDERYH JURMQLGTO-B8FCP6] and MIL-HDBK-1797[7]
raise the altitude to 20080 AGL. However, MIL-STD-8785C and MILHDBK-1797 define the planetary boundary
layeronly for altitudes below 1000t fAGL, leaving agapin the modebetween 1006 and 2000 fIAGL. MIL -F-
8785B defines the turbulence model in the planetary boundary layer with no gaps and no discontinuity at the transition
to the free atmospher€hereforethe LaSRS++ turbulenamdeimplementshe MIL-F-8785B model for turbulence
in the planetary boundary layeith adeparture, described later, for modeling tilmbulence intensity.
Equation(4) showstheturbulencecharacteristidength Lasfunction of AGL altitudeh within the planetary
boundary layef4]:
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where Lra is the turbulent characteristic length in the free atmosphere, i.eftlEsation(5) shows the relationship
among the turbulence intensities in the planetary boundary [agese relationships aderived from MIL-STD-
8785B, but they use the longitudinal turbulentensity \( as the independent variable.
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The LaSRS++ turbulence code, however, does not implemeMIthd--8785B plot of \}, as a function of altitude
nor does it apply the recommendation in MF8785C and MILHDBK-1797 that, in the planetary boundary layer,
\, is set t010% of the mean windpeedInstead, \( (not \4) is simplyset to a usedefinedvalue This permitsthe
simulation to produce any level of turbulence intensity suitable to thmgeiof an experiment.

The MIL-F-8785 gust gradients are a Taylor series approximation of the gradient of the Dryden gust over a
planar wing with apan of 10]. Equatiors (6) through(8) show themapping of the gust gradient to an angular rate
perturbatiorand theresulting spatial spectra ftinat perturbatior{4]:
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To create a time series of turbulent guestsl their gradienfsvhite noise W is fed intélters derived from the
Dryden and MIL-F-8785 spectrd_aSRS++ generates white noise using the random number bigaitRef.[11] as

modified by Ref[12].% The white noise is then scaled P4t/ PRo normalize the spectral power of its time series to
one.Equatiors (9) and(10) show theLaplace form of theurbulencefilters as they areepresenteth thepostreview
LaSRS++code This formulation iderived fom Ref.[14] except that th&nd orderfilters have been factored into
pair of first-orderfilters. The formulation alsaretainstheterm inthe numeratoof the first filter as part of the filter
because V\ehicle speed) and L (the turbulence characteristic lepgthyary with timeThis was one of the changes
made as a result of the code revidive prereview codehadpulled the numerator of the firlter out as if it were a
constantscale factor The discrete form of thélters in Egs. (11) and (12) expose the problem with treating the
numerator as a constain.the equationghe numeratoiis the coefficient b of the Laplace formnd the coefficient a

“Referencd9)] uses linear interpolation to fill this gap.
§ Thisis the same algorithm used in the predefined random number generator minstd Gamed in[13].



is zera The coefficient camot directlyfactor outof the discrete eq@iionas a scaling constahecause it is not a
multiplier to the past output. '«. Theoutputy:. 1 only relates to b through its past valuéss that relationship through
past values that permits the coefficient b to be factored out as a catstlentactor when it is invariant with time.
However, this is not appropriate when it can change as a function oRetening the numerator term in tfiker
creates differences in the time series produced wharlL vary with time However, it doesfiaffect the verification
resultspresented hergecause the spectra reconstructieguires use ad constant V and.L
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The LaSRS++ code digitizes thiters using a matched-tzansform. In theprereview LaSRS++ code, the
digitized filtersalso modekd the white noise input using a fastder hold(FOH) becauseat that timethe LaSRS++
filter library only contained digitized forms using ROH.” However, a zer@rder hold (ZOH) is the better
representatiofior uncorrelated, random inputs. Reénceq14] and[15] explicitly identify the use of th&ZOH for
discretizingthe turbulene filters. FurthermoreRef. [16] mathematically analyzes how tE©H andFOH affect the
varianceof the discreteoutputs It concludeghat the FOHwill show a greater loss ofariancecorrelated withthe
ratio of the vehicle travel per step (V't) to the turbulenceharacteristic lengtflL). SectionV.A examines variance
loss under botthe ZOH and the FOH he results promptedchang to usea ZOHto discretize thavhite noise input
of the initial first-order filter for each gust componeshown in Eg. (9) and (10), but the FOH is retained for
discretizingthe inputs toany subsequerilters. Equationg11) and(12) show thediscrete algorithmthatLaSRS++
employs for thegeneral form of a firsorderfilter. Equation(11) shows the form using FOH for the input, and Eq.
(12) shows the form using ZOH for the input.
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IV. Verification Method

A good estimate of the meawariance and power spectral density (PSD) can be obtained from a single time
history if it is of sufficient length Prior verifications performed by the simulator group at Langlppeared to
arbitrarily pick tens of thousands hundreds of thousasafpoints. SubsectioA presents a quantitative method for
computing the minimum number of points to obtain a good estimatedd? alyiven test cas€or completenesshe
verification should also exercise a variety of scenarios using different values for vateeld (V), turbulence
characteristidength (L), and simulation time stept]. For this reviewthe authordesigned cases representative of
subsonicflight for a variety of aircraft deneral aviation aircraffjghters and large transpoitsn both thefree
atmosphere and the planetary boundary layer; see subsedtomore detail.

™ The filter library was primarily designed to support control system models where inputs are expected to be
continuous processes or functions.



A. Determining the number of data points for each scenario

The criteriato reconstuct thespectra functiorfor each turbulence component drives the number of data points
required for each simulation scenari@ecause the turbulence time history is stochastic, reconstructing the spectra
equations requires an average of multiple indepsirdiecrete Fourier transform (DFEpamplesFurthermore, each
DFT sample must be of sufficient resolution to capture the characteristic features of the spectra function.

First, the number of points needed to construct a sIDEEsample of sufficient resolution is determind@eble
1 shows theselectectharacteristic points and the value of the temporal frequéivelyere theecharacteristic points
are located in the spectra functiohg (longitudinal) and) w (vertica) as defined byeqgs.(1) and (3). The selected
characteristic points are the values of the function that are fractions of the power at zero fréagiagdyactions
that aremultiples of .), pointsof maximaandminima(d I/dt = 0)andpoints of inflection(d? I/dt? = 0).

Longitudinal Vertical
Fraction of zero 110 0
frequency power V/L
0.57735 (V/L) | 1.46789 (VIL)
%o | (VIL) 2.05817 (VIL)
... | 1.73205 (VIL) | 3.20804(V/L)
Maxima and Minima 0 0
0.57735 (VIL)
Inflection Points 0.57735 (V/L) | 0.27395 (VIL)
1.21676 (VIL)

Table 1 Frequency Location of Characteristic Points for the Dryden Spectra

The smallest unique point other than zisrapproximately ... V/L for the vertical componéirite other points are
approximately integer multiples of this poit KHUHIRUH WR UHFRQVWUXFW WKH VKDSH RI WK
the first point ofa DFT must represent this frequency (in sgdér an approximate whole fraction ofBtecause the
frequency range in the DFT is one half the frequency at which the simulation is run, the number of points required to
produce this minimum frequency increases with increasing frame rate (or decri@@asirgfep and is doubled
Equation(13) shows the resulting formula for the approximate numbetadépoints per DFTin the expressions
following the ~ operator
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where Bis the simulation frequency, i.e. 1/ This number must then reunded up to the nexibwer of two The
final expressiorcontaining this roundings shown followingthe equal signlt usesthe ceiling operatorT on the
base2 logarithm & the approximate expressi@nd raigs2 to the resulting poweFor example, if the length scale is
1750, the velocity is 300, and the frequency is 20 Hz, theapgheoximateformula returns Ner = 2932.This must
then berounded upo thenextpower of twousing the final expressiorgsulting in Nyer = 4096.For the verification
presented here, the number of points per DFT was quadrupled from the minimum specified 18) Exbetter
capture the curvature about the inflection and maxima points dfitflateral) and) w (vertical) spectra.

If one used onlenoughpointsfor one DFT one would get a jagged looking DFT because the turbulence is a
random stochastic proced€sach DFTrepresents aandom power valuelo reproduce the power spectra requires
enough sample points firoduce multipleDFTs and averagthe results.However, to obtain a good average, each
DFT samplemust also be independe@ne characteristiof the turbulence filtergs that theyproduce random data
that is correlated over a time scale equal to IS, only collections dDFTsnumbering(L f)/V (rounded up to the
next whole numbergan be treated asdependentturthermore, dependeah how closely one wants to the narrow
the confidence intervadf the reconstructed PSD about the spectra functoe must have multiple independent
samplesets of DFTsIf one wants thestimatechower level to be within one computed standard deviation dftiee
power level with 99% confidencéhennineindependent DFT sample sets are requiFed the PSD reconstruction,

36 independent sets of DFT sangleere used to achieve 95% confidence of being within 1/3 of a standard deviation.
Therefore, the equation for the minimum number of points to repral@&Dwith high confidencédounds is
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For the prior example (L=1750, V=30@20), this equation indicates thbf,252 352 points are needed in the time
series This is 4096pointsfor each DFT multiplied by 117 DFTs per independentasetmultiplied againby 36
independent sets for the target confidence intefval a frequency of 50 Hz, the number of points increases to
85,105,152As stated in the prior paragraph, the number of points used in the verification results presented here for
these examples was quapgked to improve theZresolution of the reconstructed PSD.

B. Spectra Reproduction Method

To reproduce the spectra, the output time sesieévided into a number of DFT samples using the number of
points inEq. (13) multiplied by four to improve the resolution of the curvature about the characteristic gdiats.
Fast Fourier Transform (FFT) method then transforms the sample points into. &MHDFTS are combined into an
estimated PSDging % D U W O H WwWHi§his&@dimpl& d&&age of the DFThe PSD ighen scaled by (M 't/ S,
the length of timeepresented by the half cycle in radians of thesided periodogranthis converts the D from
a function of Hz to a function of rad/eastly, the periodogram was multiplied by the vehicle speed to be a function
of rad/ft (:). This scalingenablesco-plotting of the reconstructed PSDs for a given turbulence component from
multiple test casewith the same turbulence characteristic length L (i.e. at the same altiftids), the reconstructed
PSDsfor thatturbulence componermtan be directly comparezhainstts ideal spectra functioas presenteth Eqgs.
(2), (2), (3), (6), (7), or(8). Equation {5) shows the total scaling and averaging.
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C. Verification Scenarios

The verification scenarios were designed to represent flight from a wide variety of égeredtal aviation, large
transport, and fighters) at subsonic speeds in both the free atmosphere and the planetary boundiampéairee
atmosphere, aircraft were assumed to fly no slower than initial approach speed and no faster than crui$esspeed.
range ofspeedss approximately 150 to 900 ft/Bor flight within the planetary boundary layer but above 200 feet,
aircraft were assumed to fly no slower than 120 ft/s and no faster 22t/s)(250 kts) By the time aircraft reach
decision height200 ft AGL), they are assumed to be landing at a speed that isstw3dble2 shows the 18 pairs
of altitude and speed used in the verification presented here.

Altitude (ft) Speed (fps)
3000 150 300 450 600 750 900
1000 120 180 240 300 360 420
200 110 150 200 240 280 350

Table 2 Altitude -Speed Pairs Used foWerification

To verify that the turbulence models exhibit no dependenciesecution ratethe turbulence modelas run for
eachaltitude speedpair, at rates of 20 Hz, 32 Hz, and 50 etmsidered representative of flight simulation execution
rates This resulsin a total of 54 test casdBecausd=qs.(9) and(10) applythe turbulence intensity/as ascale factor
to the filteroutput,a variety of values fol, \{, and \ is notnecessarybuttheyshouldhavea value other than 1.0
ft/s to avoid the potential of false negative resitbtest casesised a value of 2.0 ft/Similarly, all test cases used
the same random numbeeeds 123456789 for the longitudinal white noise (\2010924726or the lateral white
noise (W), 41789340%or the vertical white noise (WY, and 1255 for the roll white noise g)VLastly, for the MIL-
F-8785B gust gradierdomponets, the test casassed the wingspamof a Boeing 757200 (124.8 ft).

D. An Important Caution on Execution Frequencyof Turbulence Models
The verification documented in this paper was completed belca&& review of the vehicle response modeling
to turbulence.The results of that revieweredocumented ifrRef.[17] which makes the following observation:



«current practice is to apply turbulent gusts to the vehicle model by adding the gusts to the freestream inputs of the
aerodynamics model The freestreamrhowever, is definedta length scale that is a multiple of the vehicle characteristic
lengths, and continuous turbulence models represent turbulence as the accumulation of energies from a continuum of
wavelengths including wavelengths smaller than #t@ale characteristic lengths. Thus, there is a limit to the turbulence
wavelengths applicable usifitpis] approximation.
The smallest turbulence wavelengBrontributing toeachoutputsampleof the turbulence model is defined by the
relation2V/ gwhereV is the vehicle speed angls the simulation execution frequency in.HZ hus, as the execution
frequency of the turbulence model increafigsa given vehicle speedhe turbulence wavelengths contributing to
eachgust outpualso become smallewhenthe output samples include contributions from turbulence wavelengths
smaller than the characteristic lengths of the vehicle, then vehicle resgtathgehigher frequencietevolves into
noise.For most aircraft, the freestream assumption is most limitinthe longitudinal wavelengti@. If one applies
RQO\ WKH OLQHDU JXVWV ZKLFK DSSUR[LPDWHV WKH DLU/atd bnit¥dDV D SRL
to ?8he mean aerodynamic chord) if the vehicle is compts] or, for wing WDLO FRQILJIXM@& LRQV
wing-tail length)[19]. Adding the gust gradient, which approximates the aircraft as a rigid planar wing, reduces these
QXPEHUV E\ DQ RUGHU, RI BB UQERPSIH W. BHI/AfoF wilgHeil darifigurationq18, 19].
The wavelength limit can be reduced again by half for the sta@iigonfiguration /7) if turbulence is applied
separately to the tail by tracking when turbulenoenputedat the wing reaches the t4il9]. Ref. [20] suggests a
method for accomplishing this that does not require separate aerodynamiameigiations for the taiRef. [17]
applies these limits to an F2d. and B737600. Using only linear gusts, the valid executifsaquency gfor the
turbulence model is akin to the shpsriod frequencyor the F16XL (0.3 —1.2 Hz) and is akin to the phugoid
frequency for the B73800 (.05 to 0.2 Hz)Adding the gust gradient increases the valid rangghof an order of
magnitude The valid execution rate of 3 to 12 Hz for FX& may be able to prodécvehicle response frequees
of 1.5 to 6 HzThose frequenciespproachthe range of 4 to 8 Hahich generates human discomfditowever, the
valid execution rates of 0.5 to 2 Hz for the B0 may produce vehicle response not indistinguishable from short
period motion. Thesealidity limits are based on an estimated error in vehicle response gfiB%ince turbulence
is often used in humain-the-loop simulation to generate motion cuessbiking in the cockpit, the subjective
perception of test subjects may permit greater errors in vehicle resptowever, pushing execution rates into
frequencies thanclude energy fromiWW X U E X O H Q F H  ApPpYoldddikbERal Bbkact aircraft ofrfor wing-tail
configurationsis likely to result in a perceived loss of fidelififherefore, the turbulence model will likely need to
H[HFXWH DW DQ LQWHJHU GLYLVRU R Itodvold génePaXng bighl fré@efiay rnoige i & LR Q | U
vehicle response.

V. Functional Verification Results

A. Mean andVariance
For all six turbulence componerdsross the 54 casebe mearof the time seriesutput vas 0 —0.003 ft/sor
betterregardless of the type of hold ugedigitize the turbulence filter©n the other hand, use of a zenaler hold
(ZOH) or a first order holdFOH) does impact theariance of the time seriesitput Figurel plots the variance ratio,
i.e. the ratio of the variance of tlime serieoutput (Moupu) to the square of the turbulence intensiyting( Vsating),
for the following fourdigital mpOHPHQWDWLRQV RI WKH OLQHDU WXUEXOHQFH ILOWHU\
1. FOH All Filters. The turbulence filters are factored into a serie§ofder filters.All filters are
digitized using a first order hold (FOHJhis is the implementation used in the-pesiew LaSRS++
code; howeverto enable a more direct comparison of FOH and ZOH on the turbulent otitguts,
results presented this section include all other changes made to therpogw LaSRS++ code.
2. ZOH All Filters. The turbulence filters are factdrimto a series ofslorder filters.All filters are
digitized using a zero order hold (ZOH).
3. ZOH No Factoring The turbulence filterfor the linear gustare not factorethto a series of first order
filters, i.e.,the turbulence filters for the latera¥ § D QG Y H U W &rE Digitized fs Toxdéw V
filters rather than a pair of first order filter& ZOH is used to model the inputs of each filter.
4. ZOH First Filter. The turbulence filters are factored into a seriéissbbrder filters. A ZOHis used for
the first filterin a seriesA FOH is used foanysubsequent filterS his is the implementation retained
for the postreview LaSRS++ code.

This relationship betwee@and guses the Nyquist frequency?) that results from the execution frequecy
""$Q DLUFUDIW LV FRPSDFWT LI LW GRHVY QRW KDYH D ODUJH WBLO RU RW
from the aerodynamicenter of its wing.



The points are plotted against the normalized length scale’ (XL}, the ratio of the vehicle distance per time step to

the turbulence length scalkhis normalized length scale tends to be small in the free atmosphere where L is 1750 feet

and become large near the surface where L is proportional to the AGL altifle RU LWV FXEH URRW X DQ
In the FOH All Filters case, the time series output shows a variance loss of up to 7% as the normalized length scale

increasesSwitching all the first order filters to ZOH (ZOH All Filters) causes the opposite trenidnearof the time

series outpuéxceeds the set variancelyyto 3% as the normalized length scale incredsmsever, that exceedance

trend appears only for the lateral and veitigusts; the longitudinal gust, which is a single first order fiftemans

flat around 1.0That result prompted another run usangjgitized second order filter for the lateral and vertical gusts

(ZOH No Factoring. That implementation shows a near and consigtargervation othe variancén the time series

outputfor all three gust componentsrass all normalized length scal®¥ith this knowledge, an attempt was made

to improve the results of the factored series of first order filters by using a ZOH only on the first filter (ZOH First

Filter). This exercise was necegsdn part, WR GHWHUPLQH WKH PHWKRG IRU GLJLWL]LQJ WK

UT JXVW JUDGLHQWY ZKLFK DUH ILUYV We& diGts tespecivaifihe XOHF8s3 BliteH G WR WK

implementatioralsoproduced a nedevel vaiance ratioaround ondor all three gust componentand the grapis

nearly indistinguishable from th#OH No FactoringmplementationThe ZOH First Filter resulindicatesthat the

ZOH isonly needed to properly model the uncorrelated white noise infuthe first filter.However, the output of

the first filter (and subsequent filters) is a partially correlated time sdiesefore, the FOH better models inputs

received from predecessdilter. The ZOH First Filtempproach was further verifiegimg the gust gradientsSigure

2 shows the variance ratios for the time series output from the gust grddidmsh the FOH All Filters (preeview

code) and ZOH First Filter (pestview code) implementation&/hen all flters use a FOH, the time series of the gust

gradients show losses of up to 19% as the normalized length scale indr¢aseshe first filter is modified to use a

ZOH, thenthe variance losses largely disappear thoatflend remains visibleshowing Isses of up to 1.4% with

increasing normalized length scale. Clearly, a ZOH for the filter is necesgamstrve the selected variancetlaf

turbulence for the linear gusts and, especially, for the gust gradients.
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B. Spectra Reproduction
Reconstructed spectra are showrrigure 3 throughFigure 6. Thesefiguresuse time series data from the ZOH
First Filterimplementatiorof thepostreviewLaSRS++ codeEach figureshows two pairs of charts (four totéach
pair shows the@econstructed spectra for a turbulence component at a given alfitueléop pair of charts show the
reconstructed spectra at the free atmosphere altitude of 3000 ft AGL. The bottom pairsdtatharthe reconstructed
spectra at an altitude of 200 ft AGL in the planetary boundary layer. These two altitude cases represent extremes in
reconstructing the spectra; the 1000 ft case lies somewhere in between and is nofTkkeonght chart ofa pair
shows the reconstructed spectra using a log scale, and the spatial frequerenyge is set to the smallest range
among the 18 test cases at the given altitiie.frequency range fartest case is [0, 8dV]; therefore the test case
with the lowestifequencyandthe highest vehicle speéds the shortest randgeor example, at 200 ft AGL, the lowest
frequency is 20 Hz and the highest speed is 350tlftésresulting range as displayedrigure 3 andFigure4 is [0,
0.18].The log scal®f the right charpermits a better view of the high frequencies where the power contribudie
very small.However, b better view reconstructed spectra at the low frequenbieseft chart of the pairsesa linear
scale and Figure 3 and Figure 4 further truncatethe spatial frequency rangdisplayed Figure 3 shows the
UHFRQVWUXFWHG VSHFWUD | RAyuk¥ KdHouss Rh@ declistr &ete @ Epextrd Xov the vefficaDyQst
ZIYYT LV QRW VKRZQ GXRUWPRWBLGZZN QMUKW MKH VPDOOHU WXUEXOHQFH V
representing a more extreme cdsgure5 shows the reconstructed spectra for the roll gu$tiyG LH Q WigiBep D Q G
VKRZV WKH UHFRQVWUXFWHG VSHBWUD | RUKW ISH WFX IXWW JWDGILH@QW T 1
VLPLODULW\ &atbth&tne sevies fol 1 VKRZ D JUHDWHUFiguRYY RI YDULDQFH LQ
Overall, the reconstructed specar@in good agreement with the associated spectra fundtieverthelesshere
is some visible scattering of power valab®ut the ideaspectra functiorat low frequencieddowever,thoseerrors
seem to have no pattern relating them to the vehicle spegdartion frequency of the test cag&shigh frequencies,
the reconstructed spectshowa fanning outthatoverpredict the paver contribution from these frequencidshis
fanning does appear to be a function of both the vehicle speed and the exfegtimncy of the modelhough
difficult to see from the charts, the errors increagh thevehicle distance per time stég 't). In other words, for a
given frequency, the over prediction increases with increasing velocity, and, for a given véiedityerprediction
increases with increasing time step (i.e., decreasing execution frequency). Therefore, the largest over prediction occurs
for the pair with thelargest vehicle speed and lowest frequency among the 18 test Thsdanning has limited
impact on outcomes becausedurs in a region where the power contributions are an order of magnitude less than
the power contribution from the lower frequencigle charttitles in Figure3 andFigure4 present the percentage of
the total turbulent energy represented by the frequency ramgeloichartThe difference in the percentadetween
the linear(for low frequenciesand log plotgfor high frequencies$howthat the region of #hfanning covers only
around 3% t&% of the total turbulent enerdggven so, this oveprediction @pears tdenefit the modeled turbulence
by partly counteradhg the energy lostlueto the truncated fragency range associated with the digital execution
ratess In fact, the energy loss due to frequency truncafidiows the same correlation; grows with increasing (V
't) given that the truncation frequency iS@V = 2 3(V 't). The cancelation of thesed sources of error is evident
in Figurel andFigure 2 wherethe time series output from the ZOH First Filter digitization presents verydittéein
variance (Recall that théotal energy of théinear gustpectras the variancg
Figure 7 illustrateshow differences irthe reconstructed spectra reflelifferences inthe variance preservation
seen irFigurel. This figure shows pair of reconstructed spectra undgftK H PRVW H[WUHPH FDVH IRU ZT |
of 350 ft/s at an altitude of 200 ft AGL and an execution rate of 20THa.bottom line is the reconstructed spectra
from the FOH First Filter implementation, and the top line is the reconstructed spectra from the ZOH First Filter
implementationThe ZOH Fir$ Filter case shows the ovpredictionalsoseen inFigure4 and discussed in the prior
paragraph The FOH First Filter case shows an ungezdiction at the high frequencielloreover, the under
predictiondrops by over three orders of magnitude rtearend of the frequency randgeégure 8 shows all 18 test
FDVHV IRU ZY DW IW XV Ligplenvérikdtior) Phis figutd Ehws Eadnividddd the undprediction
thatincreases with/* 't. This source of losenergycombines withthe loss of energy due to frequency truncation
(whichalso correlates with increasing V) to produce the variance loss sholigurel that increases with (Vt)/L.

8 The energy loss due to frequency truncation can be gleaned from the title of the log scaleRptsei® and
Figure4. The total energy expressed in the plot tittapliesa less than 0.5% energy loss due to frequency truncation
DPRQJ WKH SORWWHG OLQHDU JXVW FDVHYiHd$sHthaAWN.9%R.U ZT DW IW $*/ ZK
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Figure 3 Reconstructed Spectra for u’ at 3000 ft and 200 AGL Using Linear and Log Scales
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Figure 4 Reconstructed Spectra for w’ for 3000 ft and 200 ft AGL Using Linear and Log Scales

13



PSD p' (deg®/sec?)/(rad/fty

PSD p' (deg®/sec?)/{rad/it)

p' PSD at 3000ft Altitude p' PSD at 30001t Altitude

14— T T 100 T

300 fp:
450 fps @32Hz
7 600 fps @32Hz

750 fps @32Hz

200 fps @32Hz

300 1 32Hz
450 fps @32Hz
600 fps @32Hz
750 fps @32Hz

200 fps @32Hz

=)

300 fps @20Hz
| 450 fps @20Hz
600 fps @20Hz
750 fps @20Hz
900 fps @20Hz -

300 fps @20Hz
450 fps @20Hz
600 fps @20Hz
750 fps @20Hz
900 fps @20Hz -

PSD p' (deg®/sec?)/(rad/fty

Ideal PSD —— Ideal PSD 