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SUMMARY

A trackiug Filter that ineludes ap outpiat that Lo logarvithmical 1 propors
tionol o the amplituwde of the Tiltered sipnad may be ugsed to measure the
daap Enge expopent of o tronsioent decayv, This method 8 analogovae Lo ihe digltal
tochnigue veloerred to ae the moving-block or peak-plot method,  The weihod iy
sitmple o use and quite acewrate, avoids the numerical computations asoociod ed
with cfmilar dlpical cechniques, bul is consuvealned by the poor timesdomain
renpease chovgeteriseics of cowmerelal tracking Fllters presently availablo.

INTRODUCTION

The dampiog of 4 Lincar system may be estiwated frowm the esponentlal
decovy af the gysrem vesponse to transient excitation.  The moving-block or
peake ploi wethod trof. 1) Te o digical analysis technigque that provides o peod
espimate ol che dompiog of o iransienily exclted mode, and has heeu weed suce-
cecsrully Foomeasove dampiuvg ia vear ceal time for hoth wind tunnel and {1igshi
feste (refs. 2 aad 7. The moviog-block method (8 especially usctul in vodoes
Ine che effects of voige or orher modes on the damping cstimate, and provides
qualitative informatlon as to the lincarity of the signal, the lTengih of the
signal that ig suitable for a damping estimate, and the amount of cxcitation
roquiced to obtain a pood signat-to-noise ratio., A disadvantage ol the method,
howover, [ that 16 does requice 3 glgniflcant Lovestment in a data malysis
systom to be uged lor the damping measurements. TFrom this point of view, it i
destroble to develop an anulog technique for estimating the demping that is
analopgous to the moving-block method., This 1g possible with present commevcial
cquipment. The purposce of this reporvt ig to discuss the accuracy and capubil-
itiey of such a device.

s

MOVING-BLOCK METHOD

The moving~block or peak-plot method has been discussed in detail in
references 1-3 and s briefly outlined here. Consider a transient responsce of
the form




w(t) = A OF oln(2um 0+ )

wheve o Ta the damping oxponent and 10 1 Lo quanlt ity 1o beo wmeanored,  An
example of thia responge e shown In flpure TG) e A block Yonpih 1o def ned
an the flrat Ny, data points oi the ddpdt Laed shynaly and the Fouelor coolf e
clents e and by are computed at oo oo Inple trequeney aye for this hlock,

The Prequency  wye Lo dofined by

{1y [E3 \]5 .
k Nh/\ I

where ko dg the harmonte number, and AL g the sampling tntevval, )il ihe
harmonic number and the block length may he adjusted o oallow W Lo approgd-
mate the actual Frequency Wgs O o may be chodsen to reduce the vilocts of
a nearby mode. The block of aigo N, Te moved through the data, aod ihoe
Fourier coefficionts are recompuied for cach time step  At.  The natuvcal
togarithm of the Tourter coefliieiont magnitude lov the scelecioed Proquoncy is
plotied as a Tunceion of time (seo Flge LCh)) aud, as shown in relerence 1,
has the form

%n|F(mk)! =gt - sin Z(Bﬂwkt + ) + C

4ﬂmk
where € 18 a constant. The slope of the log magnitude as a Function of ime
Is slmply the damping exponent o, Superimposed over this is an oseillat ion
at twice the analysis frequency that is proportional to the lamping. Thus,
for lightly damped systeme, the vscillation is barely noticeable, while For
more heavily damped systems, the oscillating component can bi:come quite large.

The moving~block method has a number of attributes that make it useful in
analyzlng transient data. The ambulatory calculation of the Fourier coeffi-
cients at a discrete frequency is analogous to passing the data through a nar-
row handpass filter, Just as in the case of a bandpass filter, the effect of
noise due to other modes can be eliminated if they lie outside the passband.
However, the equivalent passband of the moving-block method is not readily
defined, since in Fourier analysis of a signal it is necessary to consider the
side lobes of a contaminating frequency as well as the primary frequency.
Thus, the filter characteristic of the moving-block method will take on the
appearance of a sin x/x function. This character can be used to advantage
in the case of a nearby contaminating signal by selecting the Fourier analysis
frequency so that a zero point in the sin x/x function corresponds to the
contaminating frequency (ref. 3).

An additional attribute of the moving-block method is the qualitative
Information provided by the behavior of anF(wk)I with time. When the
transient signal has decayed to its quiescent level, this is clearly indicated
by the tendency of ln|F(mk)| to oscillate randomly about a meun value instead
of decreasing in value. In addition, the linearity of RnIF(wk)l with time
provides an indication of system nonlinearity, the extent of nolse within the
effective passband, and the quality of the data being inalyzed.
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TRACKING FTLITFR METHOD

The moving=block method aeta b monmer shallar to o nacvrow bandpass
fllter dn Laolating the frequency of Interest,  Thia supgests Chat o banabibe
bandpane or tracking tETeer could bhe naed to faolate the Trequencey, and o
clrealt conld he destened to penorate a voltape propovttonal to the Top of the
shpnal amplitudes  Bueh o gyatem woold he analopgons to the moving bloclk wmethod,
have many o Lty attvibotea, and vet remaln a falrly slmple anatop desiee,

A commerelatbly avatlable tracking Filrer? la, In Iacty, gsoeh o deviceo 1
Inebades an output velerred to as "log de' that ia propovtional to the Tap ol
the Filtered atgnal amplitade,  The proport fonal ity acts over a pumber of
cyeles of the fandng frequency but Ls welghted to emphasize the most rvecent
part ol the tlterved wipnal,.  Sucly o welghting la, fu offect, o gpecteol wine-
dow In the same clasy ags "boxear™ or cosine welghtings noed In Fourier analysis
and has no offeet on the behavior of the equivalent  en|F(w, )| tunction or
the tracking fllter. This Tog de glpnal Is o direct analoy ol the diwiial
Manet fon Qn'F(mk)|.

The use of this Cracking filter to measure damping ls straioht iorwamd,
The tuning trequeney and Tiltter pasasband ave selected so that the mode ot
interost ds with the passband.,  The lop de output from the trocking Filter iq
thon plotted as a function of time, and the slope is o measure ol the damping
exponent as shown 1o lgure 2. As e be seen, the tracking Filter covnen o
Tag, o rhe filtered vesponse, and dve to fvg time~domain response choracten s
ties, there s some initial overshoot In the log de output sipgnal.  The time-
domain performance of the tracking Filter has no effect on the dawping cstiwate
Cor the case shown in figure 2, but as discussed below, this [ilter charactor-
i{stic can make some damping estimates Impossible.  The log de output ia eagily
calibraied with respect to the tracking filter input, using an oscillafor to
gonerate a series of coustant—amplitude Input signals.

The tracking tilter shares some of the attributes of the moving=block
method, in particular itsg ability to provide qualitative information about the
data - cfteets of noise, excitation strength, and data quality. The fact that
it is an malog device makes it especially useful din situations where access
to o digital computer is limited by cost or time constraints. However, its
passband is constrained by the poor time-domain characteristics of the track-
tng filter, and is, thercefore, more susceptible to contamination from other
modes, lorced responses, or nolse lying within the passband.

Accuracy of Tracking Filter Method

The accuracy of the tracking filter method was examined by uslug moanalop
computer to generate a transient decay signal, such as shown in figure 2. An
cnvelope was fitted to the unliltered signal, and the damping was cstimated by
caleulating the log decrement of sequential points on the envelope.  The sltope

*41121 Tracking Filter, Spectral Dynamics Corporation.
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of the Top de autpot ot Lhe tracklng FTlter was detormlned, aad The two walues
e compared Dy Pigare 0 The wracking U1 ter roandt shows pood aprecment
wlith the Tog docrowent ontimate., Al hongh the offect of data cealtor 6 more
nottecable at hlph damping Tevela, (here b no dioecinlble tiend Tu the ervor,

Av anothor choele on the accuracy of the track gy (1 0ar, o compartaom wag
maco hotweon the woving- hilock wmethod and the | rack g F1Hter aalng o Dody of
coperimental data reportod In refervonce 4. The company buon o shown fa g
ure Ayoand altiiouph T 0n vestrietod (o low dampiog Tovela, T shows pood

apreement botween the moving-block method and the Crack Top, Lhlior,

The tracking FElier method, Tike the moving-hloek melhod, ydues an iodl
catton of the quality of the datas that la, how well hohaved (0 6 qnd how
casily a wtralght Thae may be Fitted to the tog amplitode decay,  Thin te
tHanetrated In Clgure 43 the [Tagged symbola indfcate cases whore The dmap oy
et mate Feom the tracking filter was consldercd poor prior (o ity comparison
with the moving=hlock results, and For the wost pare these points show more
seatter. The addittonal scatter in this flgure at the higher dowping levels
veltects the Tact that these cases are Influenced by two coupled modes, and
analysls was more difitceult,

Filter Bandwidth Constraints on Tracking Filter Performance

Tracking filters have been used in the past as a vibration Ltest control
component, for power spectral density measurements, phase comparisons, and o
number of other applica“ions (ref. 5), For these applicaticns, the phasc
response of a filtered _tgnal 1s wnlmportant In an absolute senge; rather, it
is the relative phase shift of two or more signals that is important. There-
fore, linear phase characteristics and, hence, good time domain response are
not required. It is the nature of transient signals to vary widely In their
signal strength with time, and therefore, a proper filter for transient sip-
nals requires good time-domain response. The time~domain response ol the
filter used in these investigations was sensitive to the filcer bandwidth and
thus limited in its appldication.

The effect of filter bandwidth on the damping estimate is tllustrated in
figure 5 for a transient signal generated on an analog computer., The filter
bandwidth takes on discrete values of 10.0, 5.0, 2.0, 1.0, and 0.5 He., The
damping in this case is fairly high, ¢ = -2,02, as determined from the unfil-
tered signal by measuring the log decrement. The frequency of the translent
signal is 9.6 Hz, and this value is used as the tracking filter tuning fre-
quency  w,. For the tracking filter to operate within specification, the fil-
ter bandwidth must be less than half the tuning frequency, In thia cage, then,
the filter bandwidth must be less than 4.3 Hz to operate within spectfication,
llowever, the tracking filter is usable for a fllter bandwidth up to the tuning
frequency. Tn figure 5(b), the log dc output provides a good estimate of the
damping cven for a filter bandwidth of 10 Hz., The offect of operating at a
filter bandwidth greater than half the tuning frequency 1s apparent in the
oscillatory content of the log de signal at the low ond of its dynamic ranpe
In figure 5(c), for a bandwidth of 5.0 Hz, the flltered sipnal is somewhat
degraded due to the filter characteristics, but a gepgment of the log de signal
T stralght cnough to allow an accurate damping estimate. As the Filtor
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bandwlidih 1 reducod 1o 2,0 Ha, an shown In gure Gd), the T1Htered oulput

lo degraded conslderably, A secetdon of the Top de o Fpnar] T safflelently
alralpht Lo attempt o el mate the dowplog, but the resu I o 14 pereent hiph,
A bondwidtha of 1.0 and 0,9 Nz, as shown In {lpures SCe) and S0 the 1=
tored alpnata are go depradod that no eotdmate ol the domping Tg posalible,

The wimulatod trangtont slenal used In flgure 5 contalng many frequenciens
n o tndttal rigo. An the T ey doea not have o Vinear phase shibfbt wlth
Froquency, cach of the frequenctes Tn the Indtlal jump cxpeylences a different
tlme lag, and thia causes the diotortlon that 1g scen o the fHltered
responses,  Thls supgests that playing the alygnal backwards throuph the tracke
fng UHltor, as proposed by Mazet (ref. 6), wlll cause Che distortion to be ot
the end of the sipnal rather than the begiuning, and thereby allow an improved
damping, estimate.  This, In fact, does occur ag shown Jn Flgure 6 where the
slenal in Clgure 5 has been played backwards through the tracking o idter with
the bandwidths of 2.0, 1.0, and 0.5 lHz, Tor both the 2.0~ and 1.0-Hz band-
width sottings, the backwards analysls provides a suitable estlmate ol the
damp ing, as shown In Flgures b(h) and 6(c¢).  This technique s an toprovement
in thot 1t extends the bandwidth range that may be used with the trackiog, il-
tor. llowever, as bandwidth 1s narrowed, even the backwards analysis will not
provide an accurate cstimate as shown in fipurce 6(d) where the signal s
filtered with a 0.5-Hz bandwidth.

The tracking fllter shows the most distortion when the slpnal contains
froquencies other than the primary analysis frequency. At very low damping,
levels, it does not matter whether the signal is analyzed forwards or back-
wards, since in the former case the initial digtortion has sufficlent time to
dic out while there is still substantial signal strength remaining, and iu the
latter case the distortion is delayed to the end of the slgnal. As the damping
1s inereased, the dilference between forward and backward analysis becomes
important. The backward analysis avoids distortion until the cend of the signal
and thereby provides a goc  output for estimating the damping, while the for-
ward analysis must cope wit.. a reduced useful signal due to the initial dis-
tortion. Eventually a damping level is reached where the initial distortion
completely obliterates the output signal in the forward analysis casce. TFor
even higher damping values, distortion in the backward analysis also makes an
estimate of the damping impossible.

The operating constraints of the tracking filter are thercfore a function
of both filter bandwidth and signal damping. The filter performance was
testod to identify these constraints using signals generated by the analop
computer for a range of filter bandwidths and damping levels, The results
are shown in figurce 7 for the forward analysis of an impulsively excited
transient signal, The effect of filter bandwidth 1u represented by the log of
the ratio of the bandwidth to the center frequency, and this Is plotted versus
the damping ratio. The open symbols represent valid estimates ot damping,
(error < F10 percent), while the solid gymbols represent comblinations of 11~
tor bandwidth and damping where the estlmate was impossible to muke or the
error was preater than #10 percent. Marginal cascy, where the data was judped
a priori to be of poor quality but the resulting estimate was within '10 per-
cent, are shown as half-solid symbols. The shading on this fligure Is a
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aabjective cstluate of the reglon where damping entdmaton are (oanihle bt
whore errora greater than 110 porcent are l1kely,

Backward annlysla of slgnals of fora a aubotrantial Tmprovement I Ve
pertformance an ghown In Ulpgure 8, In the cane where a tranalent plhpnal In
cxelted waing slousoldal oxeltatton Inntead of lmpulalve cxeltat ton, inltial
distortion dopends on the difference hotwoen the exelting Trequeney and the
modal frequency. When the exebtatton Trequency 1o cxaetly at the mode 1o
quency, the FITeer pertormanee Tu substant lally the same an ghown in Figre Y
regavdless of whether the analyalo Ta forward or backward.  For deviat lons in
cuettatlon frequeney, there are corresponding roduct tons fn File) portormanee
In lorwvard=-analysita canoed,

In aslng the Lracklng [Tlter for ostlma ting damplng exponents, the nocoge
sary Plrst step Is to gelecet a fllter bandwidth that will allow decurate mea-
surcment of damping over the range expectad. Normally, to obtain good mea-
surements, 1t Ls necessary to use a relatively wide rtlter bandwidth, but (his
has the attendant disadvantage of allowing contamination [rom nearby modes o
forced responses.  llowever, L contaminating gignals ore located primarily on
one side of the frequency of Interest, then the center Frequency of the Ilter
may be adjusted to place the frequency of interest near the edge of the Filtor
characteristic that will eliminate the contaminating frequencies. 1F contami-
nation exists on both sldes of the frequency of interest, then analysis 1s not
possible,

The method described in this report was developed using a commercially
available tracking filter. Other commercially available devices may exhibit
similar capabilities. As an example, any narrow bandpass filter cquipped
with a circuit 'to measurc the rms voltage of the filtered signal over a rela-
tively short time scale and a linear/log converter should operate in a manner
similar to the tracking filter described here. In addition, some real-time
spectrum analyzers have the capability of tracking one spectral line (harmonic
number) as a function of time, Depending upon the cycle or recompute time of
the spectrum analyzer, cnough points will be available to obtain an equivalent
2n|F(wk)| as a function of time and, hence, an accurate estimate of the damp-
ing of transient signals.

CONCLUSIONS

L. An analog method has been developed to measurc the damping cxponent
of a transient decay using a commercially available tracking filter. The
method I8 analogous to the digital technique referred to as the moving-block
or peak-plot method and shares many of its attributes.

2. The tracking filter wethod of wmeasurluy damplog is sluple Lo use and
quite accurate 1f constraints on filter bandwidth and damping level are
obgerved.  The method probably has 1ts greatest utility in analyzing data with
only one predominant mode. Additional modes will require additfonal tracking,
filters or additional passes of the data.
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(b) Log magnitude of Fourler cocfficlents.

Figure l.- Transicent response of a simulated second-order gyygtem and corre-
gponding moving~block Function.

8




INPFT
' AN

START

Gy Tent Bapuis w0 900 ey o - c0LRG,
A
\.\*“
e,
.y
——
Y

”““\\E.OG DC

.

T mee,

N

Fl LTERFD\ AW

START

(b)  Filter and log de outputs: o = -0.66.

Fipure 2.o- Test transiont signal and resulting filtered and log de outputs
from tracking filter,
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INPUT W"“
VAOVPRARAL AN

START

(a) Simulated transient decay: w, = 9.6 lz, 0 = =2.02,

LOG DC

FILTERED | WMM“”

START

(b) Filtered response and log dc output for Aw = 10 Hz, o = -2.09,

Figure 5.~ Simulated transient decay, filtered response, and log dc output for
five different filter bandwidths.
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|
LOG DC |

FILTERE_QCJ_N W’VW“W“W“M

START

(¢) Filtered response and log dc output for Aw = 5 Hz, o = -2.,04,

LOG DC

FILTERED n WMM“

START

(d) Filtered response and log dc output for Aw = 2 Hz, o = -2.31.

Figure 5.- Continued.




———— = - ——

LOG i
FILTERED

START

(e) Filtered response and log dc output for Aw = 1 Hy

LOG DC

HLTEB@_’”WWWVMMMWWVWWWV
|

START

(f) Filtered response and log dc output for Ay = °
possible,

Figure 5.~ Concluded.
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Figure 6.~ Slmulated transient decay, filtered response, and log de¢ output for

. 1
~\ |
(a)
J“'.lv
_ (b)
=y

Simulated transient decay played backwards:

INWMMJ -

START

LOG DC

FILTERED ﬂl

START

Filtered response and log dc output from signal played backwards:
Aw = 2 Hz, 0 = -2,11,

signal played backwards,

15

Wy = 9.6 Hz, 0 = =2,02.




LOG DC

FILTERED

START

(c) Filtered response and log dc output from signa:
Aw = 1 HZ, g = "’20080

LOG DC

FILTERED ,,mnﬂMMMMMMMn

START

(d) Filtered response and log dc output from signal ; .
Aw = 0.5 Hz, no estimate possible.

Flgure 6.~ Concluded.
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Figure 7.- Tracking filtor operating limitations In torms of center {requency
id bandwidth in analyzing impulse~coxeited transiont sipnalys (forward
analysis),
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Figure 8.~ Tracking filter operating limitations in terms of center frequency

and bandwidth in analyzing impulse-excited transient signals (backward

analysis).




