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- Faurier i:_rans;fom of the retangular wi defineéxl}y

A
~ Power spectral density defined by equation (4.20)

- Time lag for ﬂie oont'muous a forrelauon function R(T1)

Amplitude of the fourier traﬁsf\om of x(t)
Maximum bias error Gefined b;z equation (3.1)
Expected bias error defined by equatlon (3. 2)
‘Frequency in Hertz

Sampling. frequency

Frequency Bandwidth defined by equation (3.3)"

Probability distribution function defied by equation (4.7)

equation (4.16)

Smoothed power spectral density Hefined by equation (4.31)
Imaginary camponent of the fourier transform of x(t)
Time lag for the dlscrete ;uto correlation function R(m)

" Number of data points for the discrete time history
Probabz.llty of ocarrence of event A

Probablllty density function deflned by equation (4.8)
Auto correlation function defined by eé;uation 4.6y .

Discrete auto correlatjon function defined by'.equation (4.25) |

»

sampling period P -~ /

F:Lgure of merit defmed by equatmn (4.23)
\

Phase angle of the fourier transform of x(t)

Rectangular window as defmv %Oﬂ (4.15)
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_ CHAPTER 1°

 INTRODUCTION
__\___...T

\ . - o
This mvestlgatmn is. concerned with the desxgn a.g:d development

of a mach:.nery wbratlon signal recording system and a based

prooessmg package for the statlstlcal analysm of\the The work

was conducted in tHe eng:.neermg ﬁaboratorles of the: SLr George
Williams carrpus of Concordia University. The reoordmg system is
intended to be the s1gnal acquisition and@orage link between |
vibration sotrces and the widg variety of equipment that may be \used
to analyge the signals. . ‘The processing pac}f;age is a series c;f
camputer prograns, known collectively as VIEPAC, written for a DEC

R . \ . L3
PDP-11 digital camwputer. VIBPAC provides the capability for analog)to

digital conversion of the recorded signals, and for further
manipulation and handllng of the digitized data mcluda.ng necessa

statistical analy51s of thawta K
- (’\

’me acqms:Lt:Lon and record:mg of v1brat10n dai:a on magnetic tape -
is well docurented and the associateq_ problems have been well defined
through past experience {l 2,3], 'Ihus the acquisition and record.mg
system des’crj,bed\ here is based ‘on fairly rigid reqm_renents The
digital processmg of mecham.cal vibration data, on the other hand, is
not sowell documented, as it is only :Lnr(:ecentyears, with the
mtmductlon of )Fast Fou;:.eir 'I’ran?fcirm technlqges ::hat the .dlgltal /_1__
analysis of vibration over a broad fr?quency range has becare a viable
};Drt;pbs'ition. Accordingly, the design of the processing package is
based on the characteristic properties of ti'ue/vibration signa.ls , as
well as on consideration of the &Pror sources arising in the various’

camputations and on' the limitations of the PDP-~11 camputer system.
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C dlscussed in sufficient detall to provide enough background for any ]
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' 'The capability and accuracy of the aoqulsn.tlon and analys:.s
sjstem can be “severely compromised if correct recording and handling
proceduresare not employed. For tha.s reason, the practical aspects
of signal conditioning and recording are discossed in some detail.

AC processing pad(ﬁgé‘%ﬁeen detailed in Appendix
“designed ‘as the VIBPAC user's manual. Although the

package is oanpleﬁe in ditself, the camputational procedures are

fgl:ure develogment and further deployment of the techmques
' The discussion and épecifications for both the analog aoquisi-
’ tion system and the VIBPAC proc;kss:.ng paf:kage centre around the meas-

R

tmement and analysm of rotating macru.nexy vibration. However, the

oollection of acoustic or shock tr.

future requiremenht and thjs has beenr

;ent data is also a poss:.ble

in mind throughout this
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g ,_' - CHAPTER 2

PRELIMINARIES

2.1 The Nature 'of the Vlbratlon Slgnal o ‘ -

J
The neasurement and analysls of mac:hmery VLbratlon for’ trouble :
shoot.Lng and maintenance pu:;poses is a -fairly well establishedglnd _ o
oo v
accepted technique (4,5,6,7,8]. .Usually, v:.bratlon signatures of a o
a

given machlne, taken when it is 1mown to be in good. condition, are, R

‘conpared to signatures taken durlng other tlmes in order o establish

the present oondn.tlon of the machine. 'Ihls lS often performed by ‘M

transforming the v:.bratlon signal from the time doma.m into the

ﬁreqmncy damain and identifying oertain cheracteristic frequencies.

These characteristic frequencies are a fungtion of the machine

construction and its actyal o'éérat;'ng condition. For exam;_dle, . S
imbalance in a'rotating shaft generates vibration at rotational speed l\
80 the first and most cbvious characteristic frequency is the.

rotatlonal frequency of the shaft ually known as the fundamental or

the first orde; frequency. Gear me frequency (number of teeth

“times the rotational frequency) is yet another example of such a

cllaracterleth frequency. }he v1brat1.on signal, even fram relatively #

simple machines, is often cawplex and consists of ‘many different

frequencies and many fluctuating amplitudes. Tlns is a result of the ‘\
mdulatlon and distortion of the character)%'stlc frequencies due to the (

. ma&une structure and the nature of the oyactl.ng surfaces w:.thln ’

[9]." It 'is thus often posSJ.ble to 1dent1fy only a few dmaracterlstlc
frequenc1es through knowledge of the structural aspects of the machine
construction. In addition, observatlon of machmery vibration, both - C?

irytlletﬁtedatlannandmthefrequencydmejn,appearstomdicate -

ey
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s:.gnal’ This emdent],y.tsuggests that there is a lot of J.nformatlonw\ !

-y

. containéd in the v:Lbratloq signal that cannot be obtained by the use

4 Ny

y of conventional carpaa_)itive techni(;ues.u Thus the ques‘tion_ arises as
'. j ' S to how valid infomation can btast be extracted from it. It is
| ' 4 postulated that the StatlSthS of the 51gnal should supply adequate
mfonnatl requlred to determine the condlt.Lon of the machine and to

allow sane reliable predlctlon of its condltlon for the future. .

.

Q’lce it has been«detenm_ned that the statJ_st.Lcal approach is the
) o
one of interest it is helpful to class:Lfy the 51gnal to be analysed.
1

q . / ) Smce the finite length of the vibration record to be used)for
" analysis is extremely”short, the V1bratlon SLgnal statistics are not

. expected to change apprec1a.bly over the sanplmg tine. ‘;ﬁus means
\ * /

/s

~ \ that the s:Lgnal may be cla551f1ed as baslcally statlonary [lO] To ~
t \ .. further assume that the signal is also ergod:.c is custcmary unless = “
‘ there is a cctrpelllng physical reason not to do so [10;11, 12] ‘This - i
g 4 ‘asy n e:}ables the use of the fact that fo‘r stch processes the

‘statistics of a single resentative time history can replace the °

statistics of the ensemble of time histories. ' . )

-

Caqnveniently, the fJ_mte record length also helps ovex;cane same

mathematlcal hurdles with regard to the oomputathn of power spectra

e [ e

< : -y

»

e VRO
q’

JZ’ 2 2 Meaféurement of Vibration Signals B L o L
. g; . . . 'Lhe first and )forerﬁo,ityyé:[u.u:ement /of\any measm:errent system is
e - that. the system should not intefere ‘with or R’Odlfy the pararrete.r bemg S
Lo s _'neasured in any mpred;\.ctable or unforeseeable manner ’Ihls is an . .
.t i”"’T; ‘ abvmus requirement but 1t is one which presei’its the most dlfflcultles
s T e - -
T 4 ~ « .
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in practice. , The form in: whlch the data is collected must be such’
el

that the s:.gpal contains t'he maxdmm anount of information so that any

of a variety of analysis methods ?ay be usea Further, the system

design mast be Such that it m:.qmu.zes spurious and unwanted inputs
into ‘the data. Vo L

N ' e

The n:ost general system for the acqu.;,g;ttlon ‘of vibration’ data F'
+frem rotatmg maahmes lS one whlch uses an electrical transduoer
ttached to the vibration source. The transducer change.s the phys— > |

motion into an electrlcal s1gnal which is ampllfled if necessary,

:bhen transnu.tted to a dev:.ce for elthe.r recording or analys.Ls

’ 'Ihetypeofneasurenent and recordlng tobemadedependsonﬂle'
analy51f/equ1rett\ents for the data and on the amplitude and ﬁrequency

cont;ent of the signal. Magnetlc tape record.mg is a convenient method

‘since it provides the CapabllltY‘ of collgctlng and storing large * o

* . awounts of dath and does not require the analysis equlpme.nt as an -

- E ] .
integral part of the set-up. It is also capable of recording data -in

several channels simultanecusly so that any form'of correlation

analysis can be performed without losing the time relationship betwpen
the channels, Additionally, tape record;ng has a wide ;/ ]
dynamlc range as weﬁ as a wide frequen randgg. A ‘ ,

‘Once the basm parameters for the ‘system have been de,tenpihed some

v

thought must be given to the ability of the system for preprocessing
the data. Although it has been mentmned that the 51gnal should con~

tam as nmc}'x mformatlon as poss:.ble, it may be necessary to prepro—

cess the data under vertain c1rcumstancesn3.n ‘order to assure compat-—

. . / . .
ability with the analysis equipment. This is discussed in more detail

in Chapter 3. o , N
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damain history into different' forms better suited for further study.
o, .
It :mvolves ; in many cases, certain simplifications in the

S presenta(\thn of the oanplex vibration signal and promdgs a - .
mathematical dgscrlptlon of its paramgaters. The mm-quesuon fo thn'alk
analyst is .best to achieve this and which parameters are the st
h@rtan . ' This is often difficult to answer and’one must keep in
mind that, due to the nature of most data reduct‘ion prooesses, same | b
information is often discarded. In many 31tuat_'|.ons lt is the
abjective of the analys:.s to remove non—essentml mformat.xon but that

st be establlshed before hand Quite often it is mpossxble to -
‘reconstruct the raw signal afte.r an ana1y51s ‘has been perfoxmed The
form of the reduced data dgpends upon both thg characf:erlst‘lcs of the "

4 \ N
time-history as i:ﬁti%lly recorded and the ultimate purpose for which

3

#

the reduced data will be used.
The most common form of reduction is to transform the vibration, |
signal fram the tmé damain into the frequency damain using ei;:her o "f_
electronic filtering or some type of Fourie# analysis.’ Instead of an 'f
artplituieﬁtil‘te representat:lon of the s:.gnal an anpl'it\ﬂe-fre(juehcy
spectmm Ais generated This type of analys:.s ig the most useful for
. J.&ant_lflcatlon of the characteristic frequencies and often fac111tates
+ identification of the vibration source ‘and machine faults. P‘r:lmarlly,.
it is used on detenm_ru,sv{nc 51gnals. vhere random s:.ghals are con- |

cemed, ,f;equency ;uélyms does not prov1de enough Valld mformatlon.

> - 1 W
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Wlth the develq:ment of Fast Fourier Transform (FE‘I‘) algorltl'uns

| over the last few years, the digital ccmputer has becgme a vexy
attractive togl for the analysis of vibration data. Bes1des prov.LdJ.ng .
flexibility in the various fpnctions and filters that can be used, it
also provides'an enviramment for handling, storing and manipulating -
N laxc_;e amownts of data.’ For prdoessing single-chan'nei signals and,
‘:‘mone importantly, nmltl—cliannel sighals, digital processnxg technlques
offer several advantages over analog technlques In ade.t:Lon to the
° A analys1s precmlon which can be achieved by using an all digital S
approach one of the foremopst single advantages is that the phase o
relat.lonsh;.p of the data is well preserved. A second advantage is the
" fact that many other functions are readily derived using FFT because
they have a distinct mathematical relationship to either the forward
or the inverse transform. For example,( the power spectral density can
be shown to be the Fourier transform of the correlat.lon funCtlon, and N
\/N Mmlat:.on functlons can be computed very rapidlys g
Essentially, the functions of mterest ma)J be classified .'LhtO
two:areasﬁzr those which describe and identify the data such as the
probabi}.\j;écy functions, mean, variance, auto correlation funetion, etc, . - J
v ‘ and those which provide ‘a measure of the mutual propefties between ‘ l
signals, such as cross-correlation, coherence functions and cross-
. spéctra. i
. 'I‘here are a great variety of probablllty den51ty and, dlstrl?ut.lon '
funct:.ons that can Bé derlved and.used for the descrlptmn of random
y o ' ) processes. One of the most important of these functions is the prob- h I,
| - ability density function for the amplitude values of the process, 7

—

sametimes designated . the fi;st' order probability density' function. " T
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This function is of @mider&le practicai inteérest since, if the
probability density function turns out to be Gaussian, the process can
be campletely described by measuring the power spectral density
function or the Qauto—?orrélation function [14]. The auto—correlation
function describes’ the time damain relationship between a signal and
a delayed replica of itself. Among other things it serves as a"diréc.t
indicator of signal bandwidth and the existence of periodicities [15].,
In particular the auto—colrrelation function has many properties which
mf‘:\ke it a useful desériptor for vibration signals. $ee Chapter 4 on
vibration ssn.gnal an‘alysis.‘ h

The dual signal .ftmctions, ‘cross-\-spect:ra, cross—correlation etc
;m used t;explore the cause and'effect reiationship between -signals.
Cxﬁss—spectra, for example, cambe used.to identify a system‘s trans-
fer ftmct.l.on provided the :mput and output 51gnals are ‘available. '

%

Cross—correlatlon is used in recovering signals fram noise, in study—

ing time delay mechanisms and transmission peths Coherence functions
- .

are used primarily to verify other functions and to reveal the
existénce of resonant fréquencies.

The procéssing package VIBPAC developed in this work concentrates
~ \

“on single signal functions. That is those which serve ‘to de‘s;cribe and

ideritify #he data; VIBPAC also provides adequate means for handling
the vibration data. The camputation of the dual signal functions,

. those which provide a neasﬁ}:e of mutual relationships between

-gignals, has been 1eft for further work but the prov:Lsmn for such -

camputations is mherenf in the system. \

B
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. CHAPTER 3

VIBRATION SIGNAIY ACQUISITION - N

3.1 The Aqﬁsition System

In order to fulfill the requirements outﬂ.med the system shown

nultl-channel mstnxnentatlon tape rec:order The v:Lbratlon s:.gnals,‘ )

de5cr1_bmg response J.n edch of th.ree mutually perpendlcular
dlrectlons, are obta.med from accelerareters rlgldly mounted on the
) bearmg hous:mg of the machJ.ne under study The characterlstlcs of

the mounting are such that they will not mfluence the v:Lbrat.Lon

. 51gnals over the frequency range of J.nterest. ( ~

- 'Ihe accelercmeters thenselves (B&K 8302) are a matched set, that
?

is,‘ their sensitivities are within a very small error range. This
. B / ~ L .
) faciilitates camparatively eesie’r sys§e1n calibration. They may be

oon51dered as mlddle of the range accelertmeters in temms of voltage
and{ charge sensitivity and physical size. The vibration 51gnal frcm

the, accelerameters is fed through special shielded cables (B&K
i . : AN b

AD0037), 10 feet in length, to the conditioning amplifiers. The
| ' '

confiitionirg amplifiers (B&K 2626) have several features of special

. importarce to this system, the first of which is the ability to adjust
thet sensitivity to euit the type of transducer employed. Secondly,

they have adjustable Hig ~pass and Iaw—pass filters, thus allowing the
- 7

pesTs band to be limited the frequency range of J.nterest, S0
reducmg the influence of|noise and spunqus signals out51de this -
range. They have aafrequency response which is flat within 0.25dB wp

£0 '10kiz and & large dynamic range (-20dB to +60dB). The amplifiers -

* . - )
are also provided with two indicator lights, one which indicates an.

. n \
~ - . . . %
. N T N N .

schematically in Figure 3.1 was ae31gned The core of the system is a

(%
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i so that the best working level may be maintained to minimi

overload condition and the other which indicates' 20dB below overload,

“From the conditioning anplifiers the signal is fed 0 the tape
recorder.  The tape recorder (86K 7003) is a multi~Channelfinstro-
mentation type which allows FM recording an 3 of its 4 channels over a
frequency range fram DC to iOkHz and direct recording on one cham;el
£rom 2. SHz to S50kHz. It has been des:.gned especially for v1bratlon
and acoustlc recordlx;g Wlﬂl great accuracy. The three FM channels are

used for the vibration data and have low noise, good linearity and low
. N .

distortion. The dynidmic. range is 39dB at a recording speed of l.5ips

and 44dB at 15ips. Each input has a potentiometer adjustment in order
to accamodat® signal levels fram 1 Vims to 50 Vrms. The output. |
iimpedance is very low, less than 50, thus allowing use of a wide
variety of andlysis and measurement equipment. The direct channel is -
used for recordi_né a wice edit simultaneously with the data usj:ng the@

nicmphone éupplied with the recorder. -This feature is used for.

. identification and tmung purposes when reproducing the data. Using a

suitable editing procedure at the time of recording the data,

cowntdowns, lead-in times etc., the operator is in a position to avoid

blanks and switching transients which will always be present on the
The oscill;tor built mto the sys{an is used for interna:l cali~

bration. A fixed frequency variable arplitude signal can be fed |

simultaneously into the conditioning amplifiers so that the gain and

<opera€16n can be checked. The entire system, apart from the acceler-

\

» .
P A e I I

ameters and low noise cables, can be checked for callbratlorx and cor-

+

. rect oper\atlon. It is also important that the caliBration signal be




P el

recorded on tape so. that i’g\may' be used during ‘playback for \
cal.ibration of the measurement or analysi§ eqﬁgnent The ‘oscillator -‘
‘was built to generate a sine wave at a frequency of lOOHz. A —
schematlc is shown in Flgure 3.2.

.o" o \ '
The electrpnic voltmeter (BeK 2425) was selected for its versa- . j

\

"tility of /meas t and its large frequency\and sensitivity ranges.

‘ more notable vfeatures are its ability to-read positive
peak, negative peak, RMS a;;d average ifndication, as well as a hold \
function for transient inputs. With this voltmeter and the switching
arrangement shown, each of .the three channels may be monitored at .

\ either input to the conditioning amplifiers, at input to the recorder
or at output frcm the recorder, thus rnakmg checks on the system

' operation and callbratlon a simple and accurate process.

The entire system is contained .in an mstrmentatlon'cabinet with
special mounting racks for each.camonent. This prox\l‘ides portability,
ease of operation and protectlon fram env1ronrrenta1 hazards. Flgure

325howsthelayout | ‘ x

\ * 3.3 Recordlng Callbratlon and Tape Ed.LtJ_ng

\\ Once the spec;Lflcatlons for the recording system ‘have been deter-

P

mined and the system built, the form of- the collected data has been __r.\

i

d. However, it is necessary to follow carefully laid down proced-—

s so that the’ recorded data can be mterpreted and located properly

machine, J.tS speed and load, the number of rnmning hours, ac-

w )

‘er locations etc, are noted. The recording sy&tem settings,

:
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© - tape speed, bandwidth etc are also noted for each set, ef data. \Each

. I..}

. required bandwidth, usually governed by the analysis to be pexrformed

e i e L, e e——

>

- data set is identified By a data set }dentification nurber and each - |
data set cont;ains ‘a-calibration signal of known frequency and amp—,

. litude reoorded prior to the record.mg of the vibration signals.
Sultable 5pacmg is allowed between each signal and locations on the
tape are identified by voice edit on Chax\mel 1 and by a tape recorder
counter ref\érenoe on the data sheet.

The correct signal levels are dé

nined by monitoring the V26 dB
down light and the overload light on the £ —
iers: Providing the 20 dE down light: is conti
owverload light; reamains unlit,‘ the.signal level) is always greater than
20 dB below overload. The higfx and low pass fi ters on the charge
atpli‘fiers/ are set prior&tdlrecording based on the selection of

‘later. The VIBPAC analifsie system at present has a maximm frequency
limit of 3 kHz and a nu.rumum limit of 10 Hz so the }ilters are set to
this operating range. Charge amplifier output in 'V'oits éer g is set
to keep the signal in the 20 dB down rancje and the tape recorder input
.s‘:en51tlv1ty adjusted to qu.t. e ' | | .
Adherence to these procedures ensures that the data collected has - \
the correct frequency bandwidth and the correct level on the tape Tt

-

allows calibration of the Vlbratlon signal amplitudes with a knmm .
calibration signal and provides a voice edit to identify and locate

the s:.gnals on tape. Addltlonally, three su*tultaneously recorded T

¢

.
. v
<
' /
> N - R
o

signals are avallable for future analysm. -

S
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‘3.3 Analo§ to Digital cOnversion

Once the data has been reoopded\on tape 1t may be played back

" “through a variety of analys:zs J_nstmrents‘ In our case, as a first

step to analyzing the data using the VIgpAc camputer sfstem, the
signal has to be changed from arialog to didital form. This is ac
camplished by feedlj.ng the signals simultaneously into the DR-11lc
analog to digital cenverter which‘ie under the control of the VIBPAC
Vibration Input Routine,; VIR (See Appendix A). Gonversion takes place

by sampling the vibration signa}s at discrete E.une intervals so that

the signal becames a real valued array within the capputer. Digjl\ltiz—‘

* ing the data in this fashion leads to several sources of error. In-

partlcular there are three important areas worth con51de_rat1cm he_re.

The first is known as-the quantlzmd error introduced by the f:Ln_we

'

word size of the canputer Since th\word s:.ze is restricted to a
glven nunber of bits the ccmputer cannot J?epresent@y«mfmte lev;l
but anly discrets 1evels. It is the dlfference between -the actual %

sampled level and the nearest level}that the computer can represent ‘
§

that is known as the quantlzmg error. This is represented in Flgure . -

3.5. Once the computer word size reaches 8 bits or more thlS error

bﬁcxmes extremely small [16]. For the DEC PDP-11 computer, the word

size is 16 bits so the quantizing error is insignificant. .The second’

and third sources of -error arise‘due to the sampli:ng \rate itself. ‘
For a glven sampling rate, f = %’t’ where At is the sax‘rplidg

interval; the Nyqulst sanplmg theorem states that onlyt frequency

camponents less ‘than fs/z can be detected. Frequency canponents

g;ceater than £_/2 (known as the Nyquist or aliasing frequency) are ii”

' e | . ¢




Ty

',3 l“ &

[ g * l
° " . folded Back or. aliased into the range ‘0‘,fs/2, as shown in Figure

N

3~6. 'I‘hus\a convenient method of ’deten'njning a :ceasonablé sampling :

frequency is to. defme the band-lnnltl_ng propertie$ of the d%.taﬂ

’ acqm.s:.tlon system and preprocess the data durmg reoordmg. If a

sanplmg frequency of twice the maxs:m frequency of the recordlng ’ "f

system were to be used the large number of data points reun_red for a
rea@yxable bandw:Ldth could became excessme. - s &
’ . s

T A samplmg rate of twme the maximm expected frequency contained

L LI

in the signal is adequate for a frequency ana1y51s but is not adequate -
Cf ™ for carputatlon of functJ.ons in th@ time damain, due to, bJ.as error.
The simplest peak detectifon technlque is to search the dlgltsted time

s:.gnal for the maximm value and assure that this’ maximum is the true

\]

' peak F;\.gure3 7 shcwshwsucherrorscananse. .’Ihemaxmumblgs

. - \-

o - error for a smuscudal 51gnal w1lLoccur when the true n»a»umun\is
halfw\ay‘between two sanples: The maximum percentage error can‘be

toke (177, . ¥ 0w
@ ' ;\’ '
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. .
N4 . - 4
.

- e

&




3 AT

RS T

~

s

t . s

| Missea X(f)
b o True-X(f)
. .
:f » . - ‘ ’ \'
r /2 oo (
Y & ‘ . N
. FIGURE 3.6 ALTASING  ERROR DUE TO.INSUFFICIENT SAMPLING RATE ‘ ,
. e ' " Bias Error True Maximum y ’
x(t) § L » - L
. Observed Maximum .
N Ny pf - . ' " .
\\\ , “ ' R , ‘ . .
. - « M . . ’-t -
\ L / . . At -_— ’ o- ' . T e .-
LT g FIGURE 3.7 BIAS ERROR T .

.-, - Lov Fred\'xency Signal;

" ~ |~ with Period > NAt -
L. . L
) e >t o :
. o Memory Length = NAt . \..\ i ‘
- o . . . ‘ ‘ ‘ o . R . .
" . % FIGURE 3.8 LOW FREQUENCY CONTAMINATION OF DATA o
. \ S 19 . R :
P S T S ]
C S R /o ;



. frequency in the signal and by the avaiiéble -digital memory of the
analysig equipment. It maybe shown that the effective barmidth//trﬁ,-\

history they will contaminate ﬂ1e sampled data as J.llust;ate_d in

st

. ~

a'.rki the max’i.mum expected error for a sampling rate of twice the high-'

. 9

est’ frequency is 36 pereent. For a sampling ratio of »ten times the’

(h@uency equation (3 2) yields an cted error of 1.6% and

equation (3 1) ylelds a max_xmun ‘possible error of m

It is clear from the foregoing that the sel

rate in relation to the ‘frequency content of the signal to be Gnalyzed "
"is an extremely important factor with regard to the accuracy of the ~‘ [ .

_ results. The selection of the sampling rate is further canphcated by

other factors, namely thé degree of resolution required, the lowest

is given by [18]: - o B ‘ "y
! ‘ l M * w

' !Af = — - “ '/ . I (3-3)
NAt ' . v v

where N = nunber of samples of ﬁle/tlrne h.lstory. ." S o ; g

4

L

l

N is obviously limited by the avallable ‘digital memoqy and ]m
detemu.ned by ’che degree of accuracy reqmred in the analys;.s The g

8

"

lowest: frequency contained in the sampled SJ.gnal is equal to the band-

width Af. If frequencies lower than this are conta:med ulx the t.m‘e

Figure.3.8.

On analysis the ‘signal 'srx:nm. will yield statistics other than
those associated with a periodié signal. Thus the time history mu'st‘ BN
. y .

not oo?tazn signals of frequency less than,,éf.. By preference the low-
est frequericy contained in the history shodld be several times this. T
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‘ Lo 1 "

S ' .* . It is seen Zthat the selection of sanplmg rates is dependent on
.. P ¢ many often OOnfl;Lctlng crlte.rla so that it becomes a matter of Jjudge-
“, R ng.nt as to what samplmg rate J.S approprlate. The sample results ‘ ’
D gene.rated by VIBPAC in Append:l.x B dem::»nstrate the use of two sampling
/' | . rates for the same data.‘ 'Iche the h:Lghest frequency lS used for _
. - Q H
Lo freqnency analysm so that a good resolut_ton is abtained and nine /
' - \ " times the, highest frequencyls used for acc”u.racy when time based
< | L carputatlons are perfonned ' These choices were made nebessary due to -
L & V!*_
- ® R - the lmted memory capac:.ty of the DEC PDP—ll camputer used in the
' analyms. ‘ 7 .
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CHRPTER 4 °

- VIBRATION SIGNAL ANALYSIS

\

4.1 Preliminary'Concepts

As mentioned earlier, the vibration time history contains a great
deal of a;rrélex information and -is Bhsically of a random nature. The
use of a—,%\atistical approach iAl characterizing and describing the |
signal offers many advantagés and is, of course, the only valid o‘ption Ty
when dealing with randam .dat;. '

In nechanical vibration analysis the~parameters of mteresﬁ are
the mean, mean square, variance of the process, the auto correlation,
probablllty dgnsrcy, probablllty distribution and power spectral
density fmctlons. “The intentjon here is to present a er.ef o0

ir;troduction to these sta;cistical parameters, and to show’how their

|-

respectwe camputations are handled by the VIBPAC programs. . / . '

4.1(a) Mean Value, Mean Square and Variance o [
Since the continuous signal x(t) is to be digitized the ‘
resulting array cons:l.sts of N dJ.s::rete obse.rvat_lons of x(t),
‘designated x(i) i=1 2,...,N ’ Y
" then thwfmean or expected value is given by [19]: - \

]

’i:%zxm S TR

Equation (4.1) can be written in a mdre general form [20]:

~ 5

i o R ' E ...,., (42)

le—'

o
Lo -

which (s the expression for the gameral_j?ts of a series of .
22 : "
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-The most i ant of these moments are for n = 1, giving the
mean valie , and n = 2 which yields the mean-square value. ‘
x ‘ :
- N )
X2 = I% x° (1) . ‘ (4.3)
e i=1l

The importance of the mean square valwe lies in the fact that it
is propbrtionai to the average power (or energy) contained in the
signal, a;s for gxalrple, the mean squdre val‘tle of average power
dissipated by -a resistor. The square root ,of 3?2. is known as the
: mms orseffective value of the signal.

An extension of 'equation (4.2} is'Gsed to define the central

>
. moments of a series of cbservations [20]:
—_— N.. ’
=n 1l oo —n . .
X=X =g j‘zl(X(l)° - X) ,{ (4.4)
'I'he central moment for r;=l is zero. For n=2 the central moment
1s known as the variance and is syr\bollzed by < 2. That is,
o? =t 'Z @ - 02 o (4.5)

The variance can be thought of as propoN@r‘rzl to the average
energy of the AC oqrpone.nts of a 51gr\1al. For ,_ze_ro mean value it
can be seen that equ;'ation (4.5) reduces to equation (4.3) and
thus the varlance becames equal to the mean squaxe value,
4.1 1(b) The Auto Correlatlon) Function

The examination of the correlatior? between two signals or

the correlation of a signai with itself provides exi:remely
. ~ important mformatlon when dealing with random 51gnals. The

amunt of oorrelatlon is characte_rlzed by what is knovm as a

”

o correlation function. If the var:l_ables used to cq:npute this
functipn are fram two different signals it is known as the cross-
y\\ , d ( ’ . ‘ | ' %
: . R
’ 23 -
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correlation function and if the variables are from the same
signal then it is known as the auto cotrelation function. For
. o N '

our purposes it will suffice to consider the auto correlation

function, which for a stgtionary time domain sigpal sampled over

a finite time interval is defined to be [21]: .
~ - 1 /T o o
o R(t) = lim Tf xft)x(t + 1)ae (4.6)-
. : L7 o

Effectively, this function describes how a partlcular

instantaneous amplitude depends upon previously occuring’ , '

amplitudes. In the case of an ideal gaussian process the auto.
t, * -

?orfe;ation fur‘xctic;n would consist of an infinitely nayrow "
jerﬁlse funct'fon around zero sir;oe the amplitude at any given
; time i§ indeper{dent\ of anplitudes dt any other times. In
. BT practice, the auto correlation function associated with .
mechanical vibration éignals cluster around =0 and the functioq-
\ : rapidly apprLaaches zero as t increases [22]. A typical auto . |
. | . correlation function is shown in Appendix B as the result,of -
| CL  yIBPAC analysis on the vibration fram a small rotor generator:
set. 'Ihe.follc(w}ing list, Table 4.1, shogs same of the \n?re
- o ' " importa;nt properties of auto_cnrrélatioq functions anfi heips
illustrate why t;us function is so useful. \\,‘ - -

N
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The value of the auto cor-
relatibn function at 1=0

value of the process. -

\
R(1)=R(~1) The fumction is an even

-
i

. ftm,ction.of 1. The larg-

est value always occurs at =0. .

. 7
If x(t) has a mean component, then R(t)

\a'rill have a mean camponent.

If xl(t) has a periodic camponent, then

N

RX1) .will have a periodic camponent of
the .same period. '

Iﬁ x(t) is ergodlc x_»ith a zero mean
then R(1=0. -

R(t) car;rxot have ‘an arbitraryshape.

o - LV -
. \ . ,
‘TABLE 4.1. PROPERTIES OF THE AUTO-CORRELATION FUNCTION [21]

¢
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' i ‘4.1 (c) Probability Mcdms . -

The future behaviour of}_‘;andcm‘ vibration signal cannot be °
predicted so that a proﬁabilistic qpp}r(fach has to be yused to
desé:rébe the signal. Thus it beocnes necessary to attach same
physical sighificance o the concept of prabability. 'Probability
may be defined as the chance of a particular event occurring out
of the total of all possible events. If P_(a) designates the
pmbabili:y of event A then the propertiés of probabilities may -
be summarized as followsé ) ) '

1. OSPr @a<1 ‘

2. . Pe(A) + Pr(B) Foaeant Pr(M) =. 1, for ‘a camplete set‘ of

. mrtually exclusive events
\

0 .

]

- 3., If an event is impossible Pr(A) ‘

1

4. If an event is certain P_(A)
Taking the above concept a step further jt is po\s.sible to
determlne the ‘probability that an cbserved vibration amplitude fs
less than or equal to a’given value. This is decamplished by
means of the probability distl;ibution function for a randam

. process, as defined by [23]+ ' = '- )“.

“ P ' L. Flx) =P (X< x) ~ 4.7
_The significance of the probability distribution f‘;‘mction is in
the fact that it is.a probability and therefore must satisfy

. \ : -
similar requirements to those listed above. - Also since it is a

Y i SR
+

function of x, the possible values of the random amplitude X, it
must be defined for all values of x. Thus the following

statements apply:




. v 1. 0L FRE1 -e<x <o
2. Flx < X € xp) =Flxy) -VF/(xl)‘ . .’ T o
- © 3. Fle) =0 , o
: 1. F=) = S

4,'A1though the dlstrn.butlon functlon contains the mformatlon
s ‘ ‘ required it is not in the most Convenient form for a,‘ll types of q )
; : | analysis. The derivative of the distribution function, known as
| | - the probability dens:Lty function, is oftert used when dealing with
3 random signals. In equation form this is written as [23]:

peo = e "'(4.8)

The corxespondlng propertl.es associated with p(x) may be . -
summarized as shown
1. p(X) > 0 -w<x<®

2. [pax =

3. Fx) = p(ujdu 4
. X2, ) : )
4. p(x)dx F(x,) = F(xl) ~ o o |
i , The phys:;l J.nterpretatlon of the density functlon J.n temrs E . J
" of randam Jvibration slgnals may be made in terms of the elarent "

- Nv P (x) . "11115 can be shown to be: | R ' |

v pX)&'=Prix < X £ x + &) : ' (4.9) ' ‘

- - EquatJ.on (4.9) states that p(x)dx is, the probabll_lty that an .

| abserved anplltude X lies in the range of possmle values bemeen

| + }
- o, xmdXea o , - _ _ - \
3
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- (d) —Thgz Fourier Transform

*
In statistical work it is usual to normalize the probability )
density and distribution functions in ordetr to standardize the

presentation of them. It is often performed either by dividing
. ]

(g

by the variance of the data or. by :iividjng by i:ne"toml muber of

“\

occurrences and expreSsing the result ds a percenfage. VIRPAC

carputations use the latter method. T o A

)

In order to transform the vibration signal fram the time
danain to the frequer{cy damain the Pourier integral is used. The -
Fourier integral pemi'ts the representation of an y arbitrar}{

function, 'x(t) by a single expression in the frequency
\ .

a

domain [25]: ' - N
. * — §
X (w} =f x (t)e 0t : ‘ : (4.10) >
-—C . .
If this integral exists for {:;%ry real ‘value of w, it ‘
- defines a funiction X{w) known as the Fourier Transform of x(t).
In general X(w) ,is complex. ’
) ’ ¢ {w) ~ < :
X{w) = R(w) + I(w) = Aw)e (4.11)

Where A(w) is called the Fourier spectrum of x(t) énd\¢(m) "is its

phase angle.

Similarly, the inverse transfom is giv&n by [25]: ) '

)
.0

x(t) =f Xwe™fa o L . (4.12)
. , \
’ /
o\ og \ T
N} /‘_’
A




.

[

, rectangular funetion Wr(t) , shown in Figuré 4.1(a), defined by:

{0 ) are known <é15 a Fourier Transform pal_r and a one to
LN -
one relatlonshlp exists bejaaeen them. Mathematlcally there are

x{t) and ]

certain Str:LCthDS on the existence of these integrals but in.

.

practlce these restrictions are far broadgr than necessa,ry [2g].
Since the vibration record to be used for analysm w111 be a .
finite digitized sample'of a time damain signal equations (4.10)

and (4.11) are better eicpréssed in discrete form [27]:

(4.14)

In doing this same of the mathenatij:al restrictions on the
. . 4 k] - h ) '
existence of the transform pair “are ;él;oved Detailed :

j.n;".ormation on these restr'ictionsy, and their remova l by
considering a discrete, finite récord ray be found in the
literature, particularly [13], [27} and [28]. Other than‘dthe
ﬁffects of sanpl:mg rate which :ire d_lscussed in detail in Chapter .
3, there is pne problem which is created by sampllng over a
finite interval. This is the problem cammonly ideritified as
windowing the data. .

In order ;:o,‘appreciate the problem. created by sampling owér

\ i
a finite record first consider the Fourier 'transform of a

1 -T<t<T , . -
(8 = (4.15). - |

0 otherwise _— ’ : AN '
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o .o o0 RN ‘ . '
F_(w) =f W_(te g =f e totgp = pSIWT (4316}
r’ r / , w
and is shown in Figure 4.1(b). Any finite record x (t) may be
A . Lol -~
thougtit of as the product of a record of infinite length y(t) and
* )
the rectangular. function Wr (t) iﬁown in- Figure 4.2.
A 4
. , 4 )
<x(t) = yRIW_(t) (4.17)
~and the Fourier transform of x(t) is )
. -:i \'.“

X(w) -f y (B (et (4.18)
Usmg,the convolution theroem [29] equatlm (4.18) beccmes T
: x(upf_f Y (@ E, o)’ (4.18) \

N
Thus for a f£inite record length, the Fourier transform of ' . \_

" filter shape results in the frequency flopin. This result is

‘camputations using equations (4113) and' (4+14)

The Fourier transform is foupd usuasg equation (4.10).

y(t) is II‘Odlfled by the Fourier transform of the rectangular
. y s i o)
This is analogous to locking at/ the Fourier transform -

function.

of y(t) through a filter of shape Fr (w)./' Clearly, if a function

other than wr(t) is used to modify the finite record, a different -

employed to produce f/i;lfér shapes of desirable freqizencz{dmain
- , . i
This is discussdd further in Section 4.2, on
©Q

characteristics. -

Data Windows.

A second consideration is the practical aspects of

. Although these
N——

L3

formilations are’ straightforward, problems arise if ho attention .
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o a 9.1.scnete record of 4096 data pomts, the nunber used by VIBPAC.

" _seconds, “a speed increase in the order of 2000 times. The .

particular FFT algorithm used by the VIBPAC system is dlscussed ¢

P e . A, T
WY e Wi

g

LY
i

is paid to the oanputatlonal aspeq::s As an 1_11ustratlon consrder

Effectively' NxN complex multlpllcatlon and addltlon operat.l,ons r

\ are requn:ed in the evaluatlon of equat.l.on (4.13). Assuming an ‘e 5

oo

"6 sec the total canputatlonal time ? ‘

opea:atlon tlme‘of 250 X lO
is (Thge)2 %250 x 107® = 1.2 hours. A rewursion me'chod of
computing sines and cosined, can be used to 'r_eduge this time but
errors buJ.ld up rai)idly‘ [301. It\ie for this reason that a fast
Fourier transform ’(i:"ET) algorithm is used byVIBPAC Effectively . \c/
an FFT i.s arly Fourier transform algorithm that reduces the |

computational’ time to such an extent that canputa’&ion involving oo

~

- large nubers of data pdints beocmes pract_lcal Typically, the ,

nunber of operations is reduced fran N2 to 2N ,whlch for. the Vs

above thetical le yields a computatlonal time of 2.05

7 R \
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(e) Power Spectral Densn:y

' The objective of spectral analysrs is to deter:m.ne the vari~

-ation of vibration ampl:.tude elther in acoeleratlon, veloc:.ty or

—

dlsplaoement unlts, ~w1th frequency and to relate the amplitude to
the energy content of the signal. In fact, the power spect.ral -
density (PSD) or power spectrum is an extension of the concept of -

TN »

variance -which was discussed earlier. it .may be shown that the

. powet specl:.ral density G (w) is given by’ [13 31]: N

~ ]

0 L T/2 , .
G (w) = Lip’ % f x(t)e ¥tat (4.20)
Tre .| 2
31
; ' \ :
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. and from equation (4.9): f x(t),,e_l“’tdt = X(w) . IR
-T/2 : L .

C, {,Gx’(w)=%]xm)|'2 - o o - W2y

ST
(34 N\
o . .

. so that the power spectral density\inay be thouwght of has the.,oon- -
tribution‘ to the nean\square. value of each frequencj. ’
Mathematically it can be shown that the \173 of the direct . v
Fourier method, i.e. equation (4.20), 40 evaluate the PSD ‘for a . -
g T stochastic process is not valld. This is based an argunents o
: ' relating to_the existence of the Fourier transform, and on the
statlstlcal variation of the results [31]. Also without the use

of an FFT routine there is the camputational objecti’oﬁ to using

" ‘ I . equation (4.20). 1In brder to overcare these objections ‘the
classical approach in the past has been to yse the Wiener-Khintchine

‘ relatlonshlp whlch allows calcul,atlon of the PSD from the auto-

o

1
. correlatlon ftmct_lon [13]:

o - B ’ G(w) = 2./-, R(I)e—deT ' L " (4.22) '

¢

where R(t) is the auto,fmi'relation function defingd by equatlon

(4.6)

o ' L

® . .
PR T

One of the major reasons for using this relationship was

' ‘ canputational gefficiency since a satisfactory spectrum could be

cbtained fram a truncated auto correlation function. That is,

i)

for a digital time series of N data points and a correlation

.
¥

£
&
Y
<

function of M time lags a Fourier transform could be ccmputed in
about Nm., operatlons rather than N2 Befone the advént of FFT

. algorlthms the comptitational aspects of the dJ.rect approach were ~

® ' . P m;‘{

- — . .: ' . °32 ' ol
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cumbersare and consequently the practical problems )gf its
implementation were neveré?thoroughly dealt with.. */The speed Of_
modern FFT algorithms now make the direct approach a viable
~f)roposition. Providing a Suitable data window is selected and
proper smoothing of the estimates is carried out, the results
obtained by the direct a/pibroach are, for all practigal purposes,*
identical to the results that would be obtained by using the
classical Wiener-Khintchine method [13]. \ ,

In smoothing the estimates the‘concern is with reducing the

uncertainty in the PSD measurement due to the amount of data 0

b
used, the underlying stochastic nature of the data and the method

¢

]

used to determine the PSD. It may be shown for the direct FFT

" approach ‘that the standard deviation of the PSD is greater than

~or equal to the quantity being estirated [32]. Clearly with such
a large possible error the PSD would be of l‘ittley use as a
descriptor for the process. However, if the data being analyzeéi
is Gaussian it miy be shown that the PSD, G, () defi_ggd by
equation (4.26), is a chi~-squared variable with ‘pw'éﬂdegrees of
freedam [32]. As the number of degrees of freedam of a ,

chi-squared variable increases, the confidence-limits on the

variance of the estimate improve [}5,34]. Thus if the r\umbéér of \

degrees of freedan of the PSDit':an be increased by averaging a

number of contiguous estimates the variance of the estimate can

be improved at the expense of resolution. Figure 4.3 illustrates
the relatiqnship between variability of the estimate, number of

degrees of freedom and confidence limits.

s
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4.2 Data Windows ‘ y

As discussed in ISection 4.1(d) “the effect of sa:"-plian a contin-
wous signal over a finite time interval.and obtaining its Fourier

transform is to introduce a rectangular weighting in the fime damain
. - 3
Sinwt
W

and a weighting in the frequency damain.

The side lobes introduced by this weighting are referred to as-
frequency leakage and the width \of.the filter as frequenci/ snearing.
'Ihe‘questic?n to be considered is how best to reduce these effects by .
" suitable window selection. In addition, some of the conditions for
variabil%ty, bias characteristics and. smoothing of I;SD's.can be
in;_:)roved by selection of a suitably shaped ‘window.‘ In essence, many
of the requirements for a data winldow are contradictory, i.e. inproved
resolution can only be achieved by having larger sice lobes and~~v}.ce
versa. Many windows hive been developed, séaach with its c(ywn
. dmractgristics [36], hence selection becares a difZicult task.
-Figure 4:4 shows two of 'the better known windows, both in the time
domain and in the ffeqmncy domain.

If viewed from a time damain point of view, .the objéct of
applying‘ the data window is to round-off potential discontinuties at
each end of the finite seg;rent.‘ The effect in the Srequency damain is

-

that of a filter. There is no reéson, however, why the application of

a window cannot be made as effectively in the frequency dc:mai.n'*‘/;:in

the time damain andffcc;nputatiolnally there is little to choose between
_ Most often data windows are sele;:ted on the ‘basis of arbitrary

~ judgement and this requires a clear knowledge of the characteristics

of many' different windows. One window in‘particular that has been

34 -
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purposely designed - for goqd resolution and smoothing characteristics

is the GEO spectral window [37]. This window has been designed for

~applicatipn in the frequency ddmain and the exact fqrm)éarpzted to

yvield an optimm figure of merit ¢, Which is defined by: ”

w

_n . . L / .
v =3 o -
where n = nutber of estimates to be smoothed
and y = nuwber of degrees of freedom of the estimate by

flhe‘wiridow shape is given by [37]: M
\ ) )
M Sin [mNe(l — 1%”

Wlw) = Z A :
Kt ! Nsin [re(1 - %)]

and is ghown in Fiqure 4.5.,° . \

This window offers same desirable.characteristics for PSD esti-
mates, its width is narrow, side lobe suppre551on is fa;Lrly ‘good, the
variance of the estnhate is unchanged and at the c-r&ssover point the
attentuation is anly 25%. . This means that frequencies which are not

{
mtegral multiples of the bandw1dth Af; as defined by. equatlon (3 3);

are only attentuated b};/ a mmun of 20 ﬁog (1 - 0. 25) -2.5 db.
Table 4.2 s.hows‘ same major features of the GEO window along w1th tﬁose
for the windows illustrated in Figu;:e 4.4 and the rectangular window.
It_is s;en that the GED window has a higher side lobe ch&racterist':ic
than both the Hanning and Cosine wmdows However, the superior

roll-off characteristic;‘s\gnd lower maximm attentuation at the
! \

‘crossover point of the GEO window more than campensate for the higher
_ - ¥. .
" side lobe. - ‘ % N

(4.23)

1
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i

Max. Atten. at

N .
Highest |W Roll-off. Crossover Point |
Side Iobe dB |. dB/octave dB
TG0 T -16 24 . 2.5
RECTANGLE -13 6| -3.92
HANNING -32 18" -3.18 T
SCOSDE | =23 12— | . = '

'TABLE 4.2 COMPARISON OF DATA WINDOWS [36]
The GEO window is utilized by the VIBPAC PSD p;ogrdazp VPS and its
application discussedlin Section 4.3(a), on Pov‘eer‘Speci:mmt .
\Carputations.v |

4.3 BAnalysis Corputations

4.3 (a) Mean, Mean Square and Variance Canputatg‘.ons' 4
The mean, nean{squa.re anyl) varlance of the d.;gitiz;d vibration -
data are camuted directly fram equations (4.1), (4.3) and (4.5)
respectively. The camputations are carried out in a single
subroutine known as STATS under the VIBPAC system.' No estimates
of the oaapgtﬁional error have been made’ since thg’s‘e will be duwe
primarily to the ‘bias error inherent in the sampling rate.

4.3 fb) Auto Correlat’ion Camputations
fIhe*ccmputatioﬁ of the auto correlation function is performed by .
the VIBPAC subroutine AUTO by evalzJa;:ing directly the discfete

equivalent of equation (4.6) [21].

- . ~

1 N-m-1) e ' T
RO = ey 2 x@x
i=0'

Where m = 0,1,...,M& i=1,2,...,N




\ -

-

It is only necessary to computf.e' R(t) for positive 1 since
the function is even about the origin.' The nugtber of lags taken
' is variable but is always very much less than N. Otnes a;nd
E?noéhmn [38] suggest that the nurber of lags can be as high as
20% of N but for large N this would require conéi&erablé
camputing’ time. 'Ihe‘ error arising from the use of. equatji.on (4.25)

wl,

is not easy to evaluate Rut ‘Cooper & McGillam [21]' offer the
approximation to the variance of the

follc\)w'mg equation as

“ -

N
(4f26)

estimate.
‘ 2 - N 2

©OVRRIR M) < § 3 R ()

. 2 . K=\ - . o

"where M = muber of lags to be taken : .
"N = - number of data points
and - R@n) is obtained fram equation' (4.25). . - !
J " *After computation of R(m) subroutine AUTO evaluates equation

(4.26) on the basis that the maximum possible RIS errer cafinot be

.greater than VAR[R; (m)]. . A caplete listing of subroutine AUTO
is 0contained in Appendix A. The camputational time for this

subroutine is quite large when it is used for M= 50 and N =

AN

4096, the present specification for the VIBPAC programs. However,

AN

the root mean squére error is generally less than 2% qs calculated

* by equation (4.26) and is.‘essenﬁiqll'y unbiased providing the
2

sampling rate heldrto at least 8 times the maximum frequency

. ‘content of the 51gna1. Utlllzatmn of the Wlener-KIuntc}une

.relatlonshlp, equatlon (4.22), is possible ‘to improve

canputatlonal speed but a con51derab1e J.ncrease in cmlputer

-

"memory reqturenents would result.

=

@

L
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4.3

\ mm and minimum values of the input array x(i) are found and the

’

4.3

" distribution function are camputed by subroutine PDF. The maxi-

) atlvely sumed to produce the probability distribution function.

(ck?‘“ Probability Function Computations. ®

Both the probabi'lity density function and the probability .

range between them dividegrinto the number of i’.nten;als that is -
consistent with statistical req‘uirements. The number o’i

occupancies in each :mterval are then counted and for the ‘ ’
probablllty den51ty functlon, normalized to a. percentage of the ‘ SR

total number of data points. 'Ihe n of occupancies is cumil-

Based on the assumption that the data are Gaussian dis- > )

tributed and a confldence level of 95% is required it can be

shown that [39]: ‘ : : A

Mamber of Intervals = 1.87(0w1)%/5 - 2 . (4.27)
where N = number of data pomts o R T ‘ g
For VIBPAC where N = 4096 the number of intervals reqqued ) C/

-is 52 09 - 2=~50. Thus subroutine PDF is des:.gned to lelde the >

Jdata range inta S0 mtervals. The statlstlcal validity of the

results ylelded by subroutine 'PDF should be examined in”the light ' ¥
of equation (4.27) ifimore than or less than 4096 data points are

/
A camplete’ 1lst.mg of subroutme PDF is conta:med in

Append.tx A. L : a
1 - _—
(d) Fourier Transform.Corputations NN

/

The fmlte dlscrete Fourier transform and the fast Fourier . o

- transform were dlscussed in Section 4.1(d). In general an FFT

goriéun is written to dedl with the Fourier transform for'a .
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camplex array. This means that two storage locations are

' required for each point. For a real data array, such as, the

digitized vibration time history that we are .interested in; the
imaginary locations and nnag:.nary ccrrputatlons can be chspensed

with. The FFT algorithm {40] used by the VIBPAC system is a ¢
modification of one whlch eliminates the redundant operatlons
entirely. Comsequently the amount of cmputer reiéry used is

only half that which would be required by a routine which

evaluated both the real and m‘aglnarry ccmponexl\ This is of -
cons:.de.rable benifit when utilizing a canputer with limited °
menory such as the DEC PDP-11l. The routines used by VIBPAC are

designated FFA, for.the Fourier transform and FFS ‘for the inverse ~

Fourier transform.

(4.13)

where X (i) is real, X(n) is camplex;and i = 0, 1,e0ene, N = 1
and n = 01,...,;I

L
\

Subroutme FFS evaluates equation (4.14), the J.nverse of the
forwa}rd ,transform: -
N/2 ‘ wni . ¢

x (1) =ng‘o,gc(n)e“u“ .- - T (4.19)

The Fast Fourier Transform routine is called FFA (M,X) where
X is the array of N terms and N = 2, m= 3,4,..19. "The real

4 ‘ .
vector x (i) is replaced with its finite discrete Fourier

" transform X(n). The dc (X(0)) term is stored in X(1) and the

o

T a o o f
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- L folding frequency coefficient in X(2). " All other tems are

" returned with the real part in X (2i+1) and the imaginary part in

Y,

The subroutihe FFS is the one to one inverse of this pro-

CX(2i42).

cedure 'and returns the real array where X is entered aé described
aﬁove. It is called &g FFS (M, X) Caﬁplete llst_mgs of these sub-
mutJ.nes and the reorderlng and iteration routines that are
~ ‘; reqm_red by them are containéd in Appendix A. Jb
) 4.3. (€) Power Spectral De;msity Camputations ~ -
.o . These are performed by : VIBPAC program VPS (Vibration
Power Spectajun) th.ch/makes use) of the above mentioned FFA su.b- | -
| m)aflne. ‘The power spectral density is ccxrputed in a dJ_rectu
' manner with the result being nommalized by dividing it by the |
variance of the input data. F%equency smoothing 4s employed to
improve .the variance \pf the estimétes. Eésentially, the

¥

canputatl.onal prooedure employed is as follows:

/ : . (1) For an N = 2p P = 12 array the finite Fourier transform
. s is camputed using the FFA subroutine. _
L ~ (2) The GEO spect-_r;al window is applied to the raw Fourier '
- - S ‘ ~ transform X(n) usmg a reformulation of equation (4.24), that
| - : is, . - , | . |
K - X) = Xm) + 2 a, X -i)+X@m+ D)) . (4.28)
| ' o whereﬁ—-Ol:-f,(—-—-—l) ] =
.- | ‘a) = -0.1817 . (O
LT T a, = -0.1707 ' " -
‘ ay = 0.1476 | ‘
15y e B -
% ) 42 -
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L (4) G (n) is then normallzed to produce an aIrpl:Ltude which is a

at the end of the transfo;:m the per:LodJ.c ty is used

’ °

X(§+ n =X@ (@ ;/

for values of {k = i) less than zero and greater than N/2

- (3) v'lhe raw power spectral est_unates are then camputed frcm

G, (n) = N—]X(n)| n =,o,1,....,(b2—‘- 1) (4.

and adjusted for the scale :Eactor by multiplying by ~
’ . 1.17 \

neasune of its contrlbut\.on to the varlance.

- 4

3) -Smoothed estimates are then obtained by aVeraglng % raw-es

toyield: .
n (8=1)/2 N
G(n)=%— G i) ~
j==-(2-1} /2
the spectrum centre frequencn.es being interpreted as at

n = %—, i—g—‘,.. .y @—5}:—1 with frequency stgps of ﬁi_t Hz.
It is worth noting that this prooedure lends itself quite readily' \
to the ocxtputation of . ctvoss spectra and the auto——eorrelation function.
The llstlngofVPS appearsmAppendJ,xA
In this- chapte.t a brief introduction is prov1ded on the theory

mderlymg the statlstlcal cmxputatlons carried out by VIBPAC and a

' description is J.ncluded negar%lng how the individual routl_nes perform .,

their respective camputations. In the following chapter the VIBPAC

R system and the RI-11 software, which is required to operate and run

VIBPAC on the DBEC PDP-11 computer, is described.

43 \ .
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| e CHAPTER 5 | . ,
A ‘ | - :
.THE_'VIBPAC' SYSTEM

5 1 General Descrlptmn '

. The design of VIBPAC was undertake,n to prov:Lde accurdte

carputat:&)n of vibration s:Lgnal statlstlcs for the study of mach.mexy
health monitoring and 'dlagnqstlc tachmques. VIBPAC is a series of

I o camputer programs created'to provide for the analog to digital =

_ conversion, manipulation, storage and statisticdl lysis of
mechanical vibration signa_ls. As well as furnishing the signal
' statlstlcs the system prov.l.des a sound ba515 for the future

\ /deVelopnent of advanced vn.bratxon analy51s tecluuques. A particularly
useful featlre of the sysbem is that where required the VIBPAC
- analyéls p;ograms cartmmlcate with the user to allow control over the.
analysis parareters. This feature ensures that the accuracy of the,

| results is not oampramised as a result of the dif'fe_rent C p
_characteristics of the input signals. N |

Vibration 519nals which are input by analog to d.lgltal conversion

* can be cal:.brated and J.ntegrated to provide data for analy515 both in

. ' cal:brated acceleratlon units, c:m,/sec2 and in calibrated veloclty R
un:Lts, cm,/sec. 0V]]3PAC provides the capablllty for cperation on any of :
the data files and its analysis capability includes mean, variance,

‘ prabability distribution and probability. density fmetions, auto
corrglation and Power Spectral density. A very important feature ef N -
VIEPAC is the fact that all its programs deal with 3 data channels in
a form wﬁich introduces no time or phase shift between them. ~ This

means'tﬁat the data are in'a form which allows the computation of

cross-correlatiign ‘or cross—-spectra etc.

BB ¢ e

o
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. RI-11 (real time) 0perat1ng software. * The system requires the use of
A :
" convertor and one auxiliary disc drivé.' The VIBPAC system alohg with

 monitor, Fortran compiler, program editer etc,” are contained- on the

THe principles used in the design of the analysis programs ai:é
" those for the analysis of stochastic s:1gnals (refer to Chaptar 4) and
in general the programs have beer\ des}lgned for accuracy of results .

e
rather than spectral resolutlc}n and range.

¢

The system contams its own llbraxy of subrouunes known .as VIBLIB

~

for thos?’ which are peculiar to the V'IBPAC system This llbrary is in

addltlon to the FORTRAN and Scientific Subroutine lnbrarles, that are

0

proyided with the cperating software. s . o ‘ |

The entire system is contained on cne h\agnetic disc ff:cm which the
computér can be hootstrapped. The disc is ccnple:tely self-contained and
input to the comwputer fmt‘n hthe.r discs is (noi\: required, even to alter the
disc contents. ; ' . '

Ausa% hasbeenpreparedahdispmsentedinAppendixA,
It contains al necessary instructions and information for use of

/2C FJ.gure 5.1 shows. the organlzatlon of the VIBPAC system and
dérmonstrates the mter—actlon between the programs, the user, the
. system data flles and the camputer system perlphe_rals. .

5.2 Operating Ehv:Lrom\ent

-VIBPAC has been des:.gned for a DEC PDP-11 camputer utilizing the
the Teletype, Video screen, line printer, DR-11C apalog-to digital

all necessary RT-11 programs such as the devia'a handlers, keybdard

~ .

V]BPAC magnetic disc. A master disey \as a back-up, contains coples of -

o
ﬂleent.n:e systenandlsdéswnedforuseonlywhe.nproblemsare e

experlenmd with the user disc or when it is necesSary to record a -

copy of a pmgram on it for back—up purposes. . - e
~ . -, ! 45 ’ “ T <
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The use of a single disc for the entire system reduces the cam-

plexity of rational commands, providing the §ysten is bootstrapped
fram this didc. All cammunication takes place through the Video screen.
: ' VIBPAC /operates in a smgle job envirorment which allcws full use
Of all the available PDP-11 merory. This amounts to 28K after
‘apprdximately 4K has been deducted for device handlers. Each VIBPAC
program uses virtually all the d)fe available and this is the only

~ major restriction on the range of the analysis.

5.3 User Features

The VIBPAC System al}?ws 'the'user to ianixt analydis parame(%rs
prior to running é program and thus provides versatility of operation.
For exarple, the user communication routine, UCOM contained in the-
system library is mun each time VSAS or VPS is run. The user i

the-number of the file the program is required to oberate on, the

Y nutber of data points for analysis, the running hours of the machine

under analysis, a data ‘s_:et identification and decides whether the
results should be plotted on the line printer. If a file number is
_entered that doés not contain valid data for that type of analysis an
error message is LdiSplayed on the video screen and the program is

%
'terminated. This error message is show in Figure 5.2.
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ANALYSIS ATTEMPTIID ON ILLEGAL FILE # 8
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. FIGURE 5.2 \ERROR MESSAGE FOR ILLEGAL FILES
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' The Vibration Signa_{ Calibration program, VSC, requires only that
the user input the callbratlon signal lewel for each of the three f
channels. ﬂus lS because VSC operates only on the raw data file and
s:ets wp the eallbratmn data file. The Vibration Signal Integration
program, VSI, is the only one which does not re)%uu'e any user input
since -it i1s de$igned only .to take raw data operate on it mth
gali‘bra‘tic‘:nAinfomat_ion from the calibration data file and integrate |
. At ’
1t.

In addition to this commmication with the user subroutine PLF

and subrutines PLOT and PIOT3 contain scaling routires. If the imput
data amplitude is outside the maximum scale value an errot’i;ssage is

~

. Printed and the program continues with the next compitation. T /

~

. . . . /
A . Lo . N
.

_ RROR IN FULL SCALE VALUES-SUBROUTINE ‘PLOT TERMINATED | °

'

e FIGURE 5.3 TYPICAL ERROR MESSAGE FOR SCAIMG ‘
At the start of any analysis, i.e. each t.unethe VIBPAC- disc is
bootstrapped the user 1srequ.1redto mputthecurrent date us:.ng the

RT-11 system ronitor. This~date is requl.red by all VIBPAC system

analysis programs that output to the line printer ViZ; VSAS, VPS,

VSC and VSI. In addition the RI‘—ll system uses the daffé-ﬁo log file
acoess. Canplete mstmctlgns for using VIBPAC are conta.med in

Apperdix A along w1th source program llst.mgs. Enough information is

‘ . 48 :
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furnished to allow a user  to.operate the entire system providing the

RI-11 syStem manuals [41,42,43] have been studied.

5.4 Transfer to Other Envlmmeﬁts

* All programs are written m%SSEIﬂaLER or FORTRAN sa that thelr
‘use on other o;tputer systems fs possible. The only changes that'may
¢ berequhedargﬂle.déﬁoenunb;smﬁﬂmfiiehamsdep;rﬁjxgop
) what the convent_lons errpldyed by the new system are. Ail program and
( :' ‘ submgt?ne names would have to be checked against the’ ;ist of reserved -
' words.' This does not apply to FORTRAN supplied functions. The RI-11
* system subroutines DAT and ASSIGN n;a,y have to be replaced by their’
S{ulvaleh:\*rfmias on the new system. . h - .
_ . ; The ccxzplle and,lmk procedures for the VIBPAC programs are
wique to the Id‘-ll systa'n, Thus the \ahrat.mn subroutme library
VZ_EBLIB wou.ld certainly have to be recawpiled on a new system because
Yy the llbrar;structdre ﬁould %e different in terms of entr‘y points and‘ B
" lock~up,. Since !all programs are ‘included on’ the disc in source form,

none of these alterations should pose a serious problem to a user
L <

I

LT \ famlla.rthhthenewsystem
| The only program whlch would not be usable on another system is

the Vibration Input Routlne, VIR, since th.lS program is written to

control the DRAIC analog to dJ.gltal converter’ attached to the PDP—ll ‘
systan Aprogrammuldhavetobedeﬁgned -to suit the systemand

its a.nalcbg to digital convertor. For the remamder of the VIBPAC

y T ; | prograns to be usable the output data f:.le structure must: remain the

. same. The transfer of the system to another emnmment should on‘ly

> . .bemxdertalggabyausermolsfamharmthboth,thevrappcsysten S

and the new envivomment.

’.4.,H~49-)‘\"*° )
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y : : ) CHAPTER 6

DISCUSSION OF RESULTS AND FUTURE DEVEIOPMEINT . ‘

| ' _ 6:1 Selected Results

1 The VIBPAC system has been subjected‘ to nurerous checks for
accuracy and coyrect operatio.n using both deterministic and random
test data. The anei( sis proérans VSAS and VPS produeed correct and ’ ' ;

' accurat'e \re'sul‘ts in all cases. Due to the limitetion of space and - ' J
since the user of VIBPAC will want to test the systéﬁl w1th data
designed for t-hat purpo;e, only scme selected results have been
:anluded for 1llustratlon purposes These results, for a square wave

signal and for some typlcal vibration data, are contained in’
Appendix B |
TheNeqt wave test signal was selected because it has very dis-

1
’

tmct_we characteristics associated wi_th its auto—correlation functiop
and its power \épectnxm. The autocorrelation fm’xé:tiou is triangular ‘
with the same period as the square wave and has an amplitude of A%,
where A is the anplltude of the square wave. The power spectral den-
sity for a sc;ua.re wave exhibits frequency ccmponents at 1, 3, 5.. .er
é& tm’es the fundamental frequency with an arrplltude attenuatlon of
-/ ) 12 db/octave. The square wave (data set:/TST1)- used to produce the
/ | §r\esults in Appendlx B was generated by a program wrltten for this
S\ T 4 purpose This was to ensure ag great an accuracy as: possible for the
\\ C test signal. Examination shows that VSAS and VPS produce the correct
Lo results ‘within very reasonable limits. For example, the standard
deviation of a square vave of a?p;itude 1000 is also 1000. ' veAs ' o |
computes this-as 1000.12 showing an error of only 0.012 peg:.dent. The

prabability density function shows, correctdy, . N

¢

A1

e gt e S AR
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B \ .
that 50% of all amplitudes occur at -1000 and that 50% occur at +1000.

The prabability distribution function ghows that the'_re is a constant °
probability of 0.5 that an lamplitude will be less *than any value be-
tween ~1000 and +1000. The autgcorrelation coefficient function is o; -
| | o ' the typical triangular form and has the same period a§ the test signal
‘ of 0.56 msec. Its amplitude at T = 0 iS unity, having been normalized
by dividing it by the variance, o?. Thus ¢? = A% which is seen to be
correct within the calculated maximm RS error of 1.3 per cent.
‘The results fram VPS use the same square wave of amplitude 1000
; " but with the period increased froam 0.56 msec to 2.64 msec (data set:
i ' TST2) . This maintains a similar analysis bandwidth of approxﬂ%tely 5 ~_ >
. Hz to 3 kHz and ensures that at least four -camponents of the
‘fundamental fr:equéncy appear in the results. It may be seen that VPS
produces frequency components at 378.8, 1134.9, 1891.0 and 2647.1 iz,
. ) whosé amplitudes da not fa'll—o'ff” at exactly 12 dB/octave. The actual
- camponents occur at 378.8, 1136.4, 1893.9 ahd 2651.5 Hz. The
differences are due to the averaging performed by VPS, th.Ch results
in the filter centre frequencies 'not coinciciing exactly with the
. actual components. Despite this, however, the amplitude attenua{tionr\/’
"y . , is still fairly accurate, giving a loss of only 2 dB at 35 @B below .

- the fundamental amplitﬁde. Figure 6.1 illustrates this.

10

20

30

40

’

db Attenuation

FIGURE 6.1 AMPLITUDE ATTENUATION PRODUCED BY VPS . ’ o ’
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a

) if good condition.as a result of a majof’l/overhahl when the unit was

" ‘ ' .-\\9‘:’“ _/ . j

~ The vibration data (data set: MG7) @sj taken fram a bearing

v !
housing of a 1-1/2 kW motor generator set. The MG set is known to be
: . . Pl :

t

q-fitted with new bearings, balanced and carefully aligned. Data set:
!

MG7 was recorded after 2112 hours of machine operation at a full load

of 1500 watts, using the acquisition system described in Chafnt'er 3.

Madhine operating speed was 1760 RPM and recording speed was 15 ips.

The high and low pass filters on the charge amplifiers )were used to -

preprocesg the data for a fze&uqq bandwidth of 10 Hz to 3 kHz.
Analysis of the data sho;v's the typical m_xture of randcm'and
. perJ:od.Lc camponents that one expects from any rotating n;achlnery The
probability density function is almost qaussian in shape with the
adciition of the 'humps' associated with periodic amplitudes. The
probability dis’;:ri_butior‘l function confims the gaussian nature of the
data. Insufficient resolution prevents identification of tfle periocdic
‘;xplitudes however. The auto correlation coefficient function, as
indicated in Chapter ‘4‘, is a series of rapidly decaying periodic
camponents. indicating less and less correlation in the data as t ’
. increases fram zero. The pgower spectrum shows that a broad range of
freqiencics, princ_ipa:.lly between 1 kHz and 2kHz, contribute to7 the

- signal variance and that no frequency stands out as being clearly

characteristic. ‘Ihis' is to be expected for two reasons. The firstjis“.'

that if the machine is in good condition then there are no faults to
produce high amplitudes of vibration at a particular frequen;y. The
second reason is that the spectrum is aweraged oi}er adjacent

- frequencies in order to redt:oe tthe va.riability of the estimate. It is
also worth notj;ng' that this averaging procgss preclides the sum of the
.ccmtri.butions to the variance toﬁalling lob‘per cént.
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6.2 Future Development

T

The vibration analysis capability ofA the VIBPAC programs is .
_adequate to provide basic statistical parameters -but is restricted in
k range and frequency reéolxrtion. As discussed earlier this is due to ‘ {
the limited memory available for the DEC PDP;-ll‘canpute.r. In order to
utilize the' full potential of the VIBPAC system a considerable
! increase in ccmputer memory is required. It is envisaged that 100k,
' rather than the present 28k, would be adequate. This would allow a
frequency analy51s range of up to approx:mately 10kHz, an improvement
of three times the present capa.fnllty .

The use of the line prlnter for an?lysis prbgram outputs gener—
gtes a considerable number of pages. '.Itﬁs could becare a disadvan};.age
if a large number of signals were to be analyzed.’ ’Iheuse of a digi--
tal plotter, ~'such as the Caloamp 663, for the program qutputs would 3
‘ “improve this situation. ‘The extfenely‘fine resolution of this type of
plotter would allow the output to be plotted on two pages.or le>s.s‘.wiﬂ1—
6ut a loss of accuracy. Thus for a three channel analysis only 6 or 7 o
pages would be generated rather than the present twenty two pages.

Further, development of the dlagmsnc capability of the VIBPAC
system is foreseen in the form of programs written to furnish more
functlons For exanple second order prabability-distributions, cross-
correlation, cross-spectra, etc. In addition the yetsaﬁlity of the
_system can be mproved by providing a new program to handle the i‘nput‘

’ .

of velocity or displacement v:Lbratlon data. The present: structure of

VIBPAC makes the prov151on of additional programs st.ra:.ghtfo&ward

e A e

system for the study and analysis of mechanical vibration signals. .-
o ‘ 53 L |
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' INTRODUCTION S - S Cor e

‘and program listings: 4 enable use of VIBPAC, the vibratigr\l data o o~

- This manual is designéd to provide the necessary-information

an;ﬂ.ysis and pr_oc;essing package; on the DEC PDP-11 ccnpute:l:. ;t '

i5 aseumed that the user is familiar with the PDP-11 computer and ' ©

the RT-11 operating envigom’ent.‘ Familarity with the following . ' V'/

list of rgferences‘ is s'uggested as a minimum requirement Eefore ‘ )

use Of the VIBPAC system. T - . !/

| (I) RI-11 SYSTEM REFERENCE MANUAL (Chapters 1 through 7)
DEC-11 ORUGA-C-D, Digital Equifment Corporation,. '
Massachusetts, June 1975. y

(2) RI-11 FORTRAN Conpiler and Object Time System Reférence:

" Manual. DEc-l_l—LRFPA—A-D. \

And Addendum DBEC-11~LRFPA~A-D

Corporation, Massachusetts, Jun

(3) PDP-11 FORTRAN Labguage Reference Manual
DEC-11-LFLRA-A-D, Digital Equipment Corporation,

) L 9
Massachusetts, June 1974.

(4) Wilson, R.J. The Design and Develomment of an ‘ - C

Acquisition System and a chrputiglzed Processing Package for |
the Study of Machinery Vibrations. A Thesis in the Faculty

of /E‘ngineering, Concordia University, Montreal, 1977.
-~ _ -
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VIBPBC has be? de51gned specifically for the handl.mg and
analys:.s of mechanical vibratian data. Three chamnels of data*ére
handled simultaneously.so that. correlatlon between channels is -

always possible. Either acceleratich or veloclty data can be

o

: analyzed while the vxbratlon input to the analog to dlgltalcon- ‘

‘ vertor has to be in thé form of acceleration. If it 1s desued to

mput velocxty or dlsplacement data new ha.x}ib.ng and calibration .

pmgrgnswﬂlberequredtosupplenentﬂxepresentVSIamiVSC. ‘-

The analysis programs and subroutines remain the same, as .does the

file structure, The analysis programs output ;%be line printer

and make use of the condensed type option. They also cammmicate, |

. with the user and request information whe.n neceésarx, through the

i

video screen. Most programs oontam error messages to inform the

user of excess:.ve ampl:.tudes 1.]‘1 the data.: ' In general, all “pro~

_ grams wthh deal with da_pacfi\%es use unformatted direct access. 7

read and/or write statements. Table Al lists 211 the prograns and

subroutJnes of which VIEPAC is CGTPI‘J.SJ Figure Al shows scheman
cally how the analysis programs, data files and peripherals are

i

lnterrelated )

. . The VIBPAC system is contained on a single disc-(#16) aloni "
w1th all necessary software for system operatlon. A second dise
(#15) contains a camplete copy of dlSC #16. 'IhJ.s disc is the
back-*up andsshould NEVER .be used[to un programs or operate the

systen 'me use of a smgle disc for VIBPAC greatly s%.upllfles

theoperatlonandthecam\andstnx:turenecessarytox:moanputer :

programs, prov:.dmg the camputer is bootstrai:ped fran the disc -
located InuwmitRRK 1l: In the discyssions that follw the con—

. vent:.ons adopted are. those of the PDP-11 system manuals. User

response is not underlined while th&t ofrthe ccxrputa: is.
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TABLE Al RI-11 VIBPAC

i

" VIR.SAV
VSC.SAv
VSI.SAV .
VPS.SAV "

- VI.SAV© . .

'V5.5AV -
. s

A .
(2) -SOURCE PROGRAMS

Ay \

) © ‘
PROGRAM ‘DIRECTORY
“ a

o .
N [
- N ’ .
.

(1) EXBECUTABLE PROGRAMS - prefix V. RI-11 default extension .SAV .

o Vibr.atil.on Input Routine
Vib;:'atiop Signal Callbrat;m Routin:e )

- Vibration Signal Integrat:.on Routine - .
Vibration Statistical Analysis Foutine ., ’
Vibration Power Sbectrun Routine ’

' VIBRATION Data File #1 Disposi{—_ior;'
Routine . ' o ’
VIBRATION Data File #5 Disposition .

Routine '
Prefi:é VV. Extension FIN

All px"ogr_ans require ‘linking with

P

VIBLIB and FORLIE unless’ othe:cwige noted. ‘ \

POMWA2 .FIN

VSC.FIN

Programmed channel Miultiplexer Version 2used -

- to build VIR.SAV when linked® Lo -
Vihrai:ic‘nn Signal Cgiibr)ation Main .
program. Does not requlre' linking to | y
VIBLIB:. o ‘
\iibrati@{iérélj {egration and data - .
, manipulation yging subroutine IFFT.
Option 1 to'build vsr.sav ‘
Vibratidn Sigﬁal Integration and data
mahipulation using subroutine ICSF.
‘Option 2\to.ptﬁ1d‘\}s'1.say. .
vibration Aétat\:istical Analysis Version 2
.tézétomi;dVSAS_SSAv_;' L
A5 ., L 3 ~ ‘ ’




TABLE Al (cont'd).:
VPS.FIN
VFILL.FIN

VFILS.FIN

-

(3) OBJECT LIBRARIES

N S

Vibration Power Spectrum used to buiid

VPS.SAV. . - \

. Vibration.File #1 Disposition used to

build V1.5av.
Vibration File #5 Disposition used to
builckVI.SAV.

Extension .OBRJ. These libraries are

required for the LINK procedures éfte.; sourte program campilation.

' VIBLIB.OBJ,

FORLIB.0BY .
SSPGT.OBJ

FF8.FIN

R2TR. FIN

,. RA'IR.F]N N

.VIBPAC system librar{ contains all

* subroutines that are peculiar to VIBPAC'

(see listing below). 8 -

Rr-11 FORIRAN subprogram library

'RT-11. Scientific subroutine package and |,

graph.l.cs support library. “
somgceversionsar‘eondiscwitheithera‘ v

Object versions are contained in’
. '

tht Fourier Analysis used by VPS and , s

« VSIP1.

Fast Fourier Synthesis.used by VSIgl . .

v \

Radix 2 Iteration subroutine used by FFA

. LI B
Radix 4 Iteration Subroutine used ty FFA

-
L}
. 0
A6 .
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I\ .
’
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,
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. TABLE Al -(cont'd)
1

RSTR.FTN
RASYN.FTN
R8SYN.FIN
ORD l.F'IN *
. ORD 2.FIN

PLOT.FTN

PLOT3.FIN

ADJUST . FTN:

print operations).

5e

_Radix 8 Iteration .Subroutjne used by FFA

Radix 4 Synthesis subroutine used by FFS )

Radix 8 Synthesis subroutme used by FFS
Reordering subroutine No. l.used. by FFA
and FFS .

Reorde.rmg subrout:Lne No. 2 used by FFA
and FFS

Line printer plotting routine. Single

‘channe\I}usedbyVSAS

Line priﬁ‘ter plotting routfne. Three'
channels.
Sampling parameter’ %ser camumication

routine. Used by VIR.

Sampling parameter adjustment routine -

used by VIR. .
V4 N
Analog to digital corivertor control

. rout:Lne used by VIR " -

.Title input Subroutme used by V;ER

4

Line printer ‘buffer clearante routine.

—

)’,(Requ.l.red in same’ programs due to an °

existing fault in the RT-11 LP Handler

(LP-SYS) which occasionally does not

output byffer conténts at campletion of

N

aN



- 'TABLE Al (cont'd)

STATS .FIN
PDF.FIN

IFFT.FIN

IQSF.FIN

5

Title page format routine used by VSAS - -
and VPS '

- i - - N t
<

| Auto correlation coefficient function - .
routine used by VSAS. |

_ Analysis parvasteter user caffmmication
Statistical computation routine. Used

. by VSAS, VPS, IFFT and IQSF.

ProbabJ.lJ.ty Density and Probablhty . S "

Distribution function carputatlon
*routine. Used by VSAS.
j" Integx;ation‘ routine VIA Fast Fourier - P
Transform., Used by VSIgL. . - % . >

. integxation routine via RI-11 system . -

M ° . t -
: . . S
subroutine QSF. Used by VSIg2. *
. . by , A -
]
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R e s

RECORDER &
8% ¥ Euina

SER
.Q GRAM
CONTROL

VIR
VIBRATION
INPUT
ROUTINE

]

‘vsc’
VIBRATION

SIGNAL . Ch)
CALIBRATION -

'VIR' ...J
VIBRATION ‘t
INPUT

'vsi®
VIBRATION
SIGNAL DATA

] L

INTEGRATION VEL

=

frE=AT

‘vsas'
VIBRATION
STATISTICAL

ANALYSIS

{.—j—:'

OUTPUT
TO
LINE

 PRINTER

* FIGURE A

ot

RT-Il VIBPAC SYSTEM ORGANIZATION:

AN ¥

/

'VPS

ROUTINE . 7

VIBRATION
POWER
SPECTRUM.

Y .
»




BOOTSTRAPPING PROCEDURE . .

A N . N i .
The follov}ing procedure should be followed whenever VIBPAC is

to be used If this is carried out as s}bm the VﬁBPAC disc will

bea)

munted correctly for data flle designation and

b) any executable program can be run by using the ccmnand
format; .R name. ' , o . |
1. Press HALT » N ’
- 2. Mount disc on‘RK,G: . \ ’
3. Enter address 773010 ° :
4. Raise HALT
5. Press START KR
6. Terminal should respond with: .
RI-11SJ  VO2B-05 ,,
. | N
7. In response to the keyboard mmtors dot enter R PIP
. ‘ 8.,’Derxm.nalshouldtype* . 7
‘ \ \ 9. ‘Renove disc fram RKZ: and mownt on RKl/_:
T 10, Enter FR1:/0 .
11. Terminal again respondS‘w‘i'th:. ) "
e | R-11s7 vozB-05 . . o
- i the cc}’nputer is new bootst;apped fram RK1:
. 12. Enter GT ON in response:to keyboard monitors dqt, ‘
" all display will be directed to the video screen.

13. Enter-the current date viz:

t

.. DAT 22-APR-77" = = '

" Note thagﬂ.nternally the date is required by all V.‘I:BPBE programs

and 1s used to record access to files.

S a0
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MDIEUP

Data. is mputbyrtmmngthe Vibration Input RoutJ_ne, VIR.
D IHPUtSlgnalScanbefmnanysomcebutgemrallymllbefrun

playbackofthetaperecorde.r Slgnalmputsarecormctedtothe

- . R mterfaoeumt whlchlsw:.reddlrectly,to‘the analog to digital
L " comertor. The chamel selection switch on thisunit should be.
B - .  set to the highest imput channel murber. Note that chamnels are
- ) knm;:ére‘dOthmugh7ontheinterfaoewhileVIanbersd1axmelsl‘

w7 thwough 8 . The ready/go Switch should be set in the 'ready’
. | . position. ViRc‘:anher’xileuptoé channels of data. The maximum
" sampling. frequency is 80 kHz if a single channel is used and 26.6
kHz‘if three channels are used. ’VIR will request, through the
"videp‘scréen,thenimﬁeréfdla:mélstobeinputandthemsmplﬁxg )
| interval, in microseconds, for each channel. After the user has
1ﬁwp'ut these VIR will pause wntil the ready/go switch on the
interface is switched to 'go'.” If the sw1tch was pﬁqv:.ously at,
*go' VIR wllL ccmtence samplmg immediately whether there 1s a
signal present or not. After sampling has fmlshed the user hax

. ' the option of entering a title., The sampled data is stored on

y T disc in file #1, DATA.X in the formit shown in Figure"A2.




JROUIR

L4

NUMEER OF CHANNELS (MAX.8)=73

| :

FERTOD (MICRD-SEC) CHANN
1

ElL# 1

i
[
[as}

FERIDD (MICRO-SEC) CHANN

ELt 2 = 38

PER&&U (MICRO-SEC) CHANN

i

FLE X = 38

l -

ADJUSTED FARAMETERS: -

SAMFLING FERION CHANNEI #

MICRO-SEC

1 = 37,30
- FREQ’ —-"— = 26467 RHZ
_SAHPLI&G FERIOD CHANNELE 2 = 37.9Q HICRU*SEC
- FREQ” - - = 26,67 NHZ
SAMFLING FERIOL CHANNEL¥ 3 = 37.50 MICRO-SEC
= FREQ’ - ="~ = 26.67 NHZ

—_

DATA IS ON FISK. YOU CAN

WRITE YOUR C

ANDN CRETURN.-

 WHEN FINISWED TYFE -ESC:

< f

OMMENTS NOW.

i — .

CALIBRATE} SIGNALS FOR @A

TA SET MG1.$

CALTIERATE SIGNALS FOR TiA

TA SET MG1.

R Ul// o -

, . =
CALIﬂéATE SIGNALS FOR DATA SET MG1. )
7 T -
14 N
NOEH = 3
"ADDRESS = 600 C
- ADDRESS = 5605 .
ATIIRESS = . 5606 ™ : ‘
ATIIRESS = 10604 .
ADIRESS = _ 10605 N\ -
ADDRESS = (5600 .
"INTERVAL = 37,50 : .
INTERVAL = 37,50 .
INTERVAL = 37.50 ,
. - )
‘Al2
- | N : . -
. CONCORDIA UNIVERSITY \
RN e, ":“‘H’;::M:‘i. ; Yo .\"_; W H;.:.'.' ®, *.é‘.’.'.t\a"}«':,‘.‘;jf'}""' Ny
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b ° B
-

N '
~ FIGURE A2 VIBPAC DATA FILE STRIXCTURE
Applicable to all dat::x.filés used by VIBPAC

Record size: 2 words

; (
. RECORD NO. Sy . caTENTS -
1- 100 " Title or Caurlépts
101 - 499 Unused
500 - 507 Volts/g (Far File #2, DATA.CAL only)
. 508 ~ 549 © Unused | o
550 — 567 St}art&mdAddressesformamels; ~
(- through NOCH (Maximum 8). Comsecutive
) ‘ Viz: Sft:art Address CHL |
<, , End Address ' 'CH1 ﬁ
Start Address CH2
etc.
' 568 7-'565 Unused | ,
s -571 . Sample Periods (Microseconds for Channels
. 1 through NOCH (Maximm 8) . Consecutive
578 - 579 Unused : -
580 Nurber. of Channels Used. NOCH
581 - 599 Unused ’
600 - 15600 " DATA. Starting with Channel 1 and evenly
. divided between all chamnels ysed. Num-
“ beroffecdrdsdepends_mmirberof
" chamels. If only one channel is used
- ~ then file contafns 15000 data points.
’ ‘ \' (NB: File .#2, DATA.CAL ends"at(record'
600) . a
. Al3. _
s — I K, T TTSII——— e T L
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SICNAL CALIBRATTON

S.tgnal cnhbratlon is acocnpllshed by flrst estabhshmg a

data file which ¢ontains the necessary mformatlon requued for

calibration of further incoming 51g'na’ls This flle, #2 - DATA, CAL- ‘ . ]

is created by runnmg vsC (Vlbratlon Slgnal Callbratlon) VSC
expects file #1 pATA.A to containi thiee chamnels of a sinusoidal
calibration signal. On request the user enters the peak level of
these si&.;,nals in 'g' units (1g = 980.61 cm/sec/sec) VSC then uses
this input with the contents of file #l to establis;h a calibration
factor for each chanriel in volts/g. _éile #2 is then c;reated 'ihg

theée'calibratibn factors. These factors will be used to

calibrate all future incoming signals unless VSC is wused agam On

ctmplet.l.on VSC outputs the follcqn.ng to the lme prJ.nter

RT-11 VIBPAC  VIBRATION SIGNAL CALIBRATION  VO1-A -

. \
et A —
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2

v
5

routine packdge (SSPGT) integration routine which involves a vari-

The second step in calibration of the signals is achieved by
running VST (VIBRATION SIGNAL INTEGRATION). VSI assures that File
#1 contains three channels of raw vibration data and that File #2
contaJ:ns valid calibration factors for eag.h channel. VSI then. .
uses this infermation to create calJ:.bra_lted acceleration in File‘ #-3
'"DATA.ACC' with units cm/sec/sec. This calibrated acceleration
data’is then integrated and stored in File 4, DATA.VEL with wnits
of cmy/sec. It should be noted that VSI re?noved the mdan fram both -
the velocn.ty and acceleraticn 'signals,'\ sinqe Any pean that is

present is solely due to sampling and is not a’signal

characteristic. VSI reqmres no user input and on campletion

outputs the followmg message to the lJ_ne printer: : . _ '4

RT-11 VIBPAC VIBRATION SIGNAL INTEGRATION VO2-A i ' .

Al

DATA FILE #3 NOW CONTAINS CALIPRATED ACCELERATION SlGNPL UNITS CH/SEC/SEC
_DATA FILE H NON CONTAINS CALIERATED VELOCETY SIGNAL INITS CH/SEC

There are two -integration subroutines available for campila—

tion with VSI, each of which has its own advantages and disadvan-

‘tages.  These are IQSF and IFFT both are contained in the VIBPAC

sﬁstem libraty VIBLIB. Subroutine IQSF uses the scientific sub-
ation of SJ.mpsons Rule and reqm.res at least tw1ce the membry
reqm.rerents of the array being integrated.

Subroutine IFFT on the other hand reqm_res half the nemory
spaoe although 1t 1s sarewhat slower than IQSF. IFFT uses the
VIBPAC Fast Fourler Analy51s and Fast Fourier Synthesis routines
to perform the integration. At present VSI is compiled using IQSF
and is-probably the best one to use until such time thgt the
nL'nber“of' data poi'.nts became too large.

S . ’

aAlS
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SIGNAL ANALYSIS

Once the data files have been created and callbrated using
VIR, VSC and VSI analys:.s can be performed upon them. The two
VIEPAC analysis programs are VSAS (Vibration Statistical‘Analysis)
and VBS (Vibration Power Spectrum). In order that the frequency
bandwidth remain the same thide progravs require that the sampling

" interval between data points be different. wThe sampling interval

for VPS must be between' 4 and 5 times that use‘dfor\'&?\mfﬁ?\ii
necessary to maintain accuracy in the absence of a large camputer

remory. Effectively this means running VIR & VSI prior to yse of
VSAS and again prior to VPS.
(1) Statistical Analysis

This is acccmpllshed by running VSAS on either File #3 or

" File #4. (f‘ile #1 and File /5 are also valid options for VSAS but

caution should be exercised in calling for an anaiysis on them).
VSASré.ggeststhatﬂxeuserentercertainparaneﬁers. These are:
(a) File number o | ]
N (b)\ Data set identification
» {c) The nurber d:t:_macliinery running hours
(@ The nurber ofdata points to be analyzed and R
(e? Vhether plotting is desmed on the line printer
If analys:.s on file #5, DATA VAR is. requested VSAS will ask
for the contents to be verified before proceglling. ‘
vaas wﬂ.l provide an analys;Ls of th.teg data channels and if ~
the plotting option is included it will produce 22 pages of llne
printer output. Runfing t.une is appro:mnately 25 n%m:te The

analysis consists. ¥ maximum, minimm, mean, standard dev1at10n,

on, probability distribution functlon




- .
« e i A

: ST

'

\

. time is approximately 5

(ii) Power Spectrim . - ‘
This is accamplisfed by running VPS on either File #3 or File
N . :

$#4. VPS uses the same user c;amnmicati?n,rout_im as VSAS and

. _ "
to it. Output is directed the line printer and produce3 four”
pages for a camplete three

the averaged contribution to the variance of the vibration signal

mpercentand:.s via FET.

~

. N . . .
:R' VSAS ¢ S

K s 5
Y .

ENTER DATA SET IDENTIFICATION.FMT A4
MG7 .

ey . "'—\__\‘

I . N
C . ,

 ENTER MACHINE RUNNING HOURS,FMT F7,1
"2112.0 - Y

ENTER FILE NUMEER.FMT I2
3 ) ‘ (4

P

y

ENTER NUMEER OF DATA FOINTS.FMT 16
4094 N :

-

IF YOU WISH 70 PLOT RESULTS ON LF ENTER
) 1 ) . '

0 ) ~ .

o C . Al7 : .

‘ N pﬂ?'l' .
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,GI‘GPII.HI'ICNANDLII\IKPR(XIEDURES

¢

|
to produce an

Thia cmpxlatlon and link procedures re
execut:able program on dJ.sc are greatly simplified by the existence
of the VIEPAC subroutine lJbrary VIBLIB- l All VIHPAC subroutines
are contained J.n]thls llbrary Essentéally the procedure is to

run the cawpiler required e.q. E’Oﬁon the source program and

.then to link the resulting object module with VIBLIB, as shown by

the following example. b .} ‘
. 0 CREATE' THE VIBRATION INPUT ROUTINE: . .o

.~ iR FORTRAN T e
' XVIR=FCHVO2,FTN , .

X~C o ,

Y - (Y ’ ( .
R LINN : e
_XVIR= VIRs.VIELTH/F L
o lHC 9 ra i *

Al

The RT-11 scientific subroutine package and the graphics

" support packagé aré contained in one library S ; SO that if

graplucs capability is. added to the VIBPAC system in the future no

" other llbrarles are requlred Only one VIBPAC program at present

requ:Lres lmkmg to SSPGI‘ This is the v1bratlon signal

mtegratlon routme VSIg2 FIN. : 5

v !

TO CREATE THE VIBRATION SIGNAL INTEGRATION ROUTINE:®

KUST=USIO2.FTN . | o

‘ !"C - A . \1 .." j
' d v . s o~
. SR LINR *FT’f_~ . :
. ) *USI =USTyVIEL TB!SSF'CT/F

v . . ) . l,

- : © AlS8. . T
x°C | ~ .

. = - - o
O . . » . i
+R FORTRAN ‘ ' oo : //{T% L

- .
L2 =
saiieches
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AT-11 LIBRARIAN v03-Q1 .
VIBLIB.

<

-ARR-T7

ENTRY/CSECT

. ¢ .
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. .
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. -RT'W-VIBPAC, VIBLIB DIRECTORY® -

W@ o

. 1

-4

A-APR-77°
163 BLOCKS
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ENTRY/CSECT  ENTRY/CSECT
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B

- AT

5

N

N-APR-T7
S OASS §

NNE ASS 2

JTSK RN 2

TR FIN 2

RANGE FTYy 2

POT3 FIN 7 -
WA CAL 5 9-APR-TT
VSC OFTN 4 16-0AN-T7
VL S 5B 15-JaN-77
WNITR SYS 45 12-JM-T7
P SYS 2 12-0W-T7
R SYS 212977
B .SYS 2 12-J-T7
M S8 Zi12-077
W Svs T 212077
W), SYS 4 12-0-T7
B SYS  212-0T7
MOSYS 212-0-T7
R SYS, 3 12-0AW-T7

ROWFB. svst“m’ 12-0N-77 -

n S6N2-00-77,
W SYS b 12-U-TT
PR- SYS  212-U-T7
PP SYS 2 12-0AN-T7
T S5 S 12-0A-T7
™SS 2 12-0-77
FORTRA SV~ 92 125077
PIP. . SAV 13 12-JAM-7T7
LN SAV 25 12-UAN-77
LIR “SAV 15 12-JW-77
EDIT, SV 16 12-JAN-77. 7
WCRO SV . 31 12-JaN-77

——

—

y

4

.

o

-

WP ST 0 19R-TT
PO FIN 3 I7-APR-77
, POT TN 6 7R
LIBFIR 0BJ 237 2-APR-T7
SYSLIB 0B) 37 Z-#R-T7
DTA A 12 9-R-T7
DATA  ACC 115 9-#PR-T7
RZTR .FIN | 9-APR-T?
RETR FIN 1 9APR-T?
DI FIN ! 9-APR-T7
D2 FIN 3 9-4PR-T7
VSITDS BUG 5 8-APR-T7
STATS FIN | 9-APR-T7
VSIS 94 J0-APR-T7
RSTR FIN 9 S-4PR-T7, -
TVPS UFTN T 1TR-TT N
WS TST 7 13-APR-TT .
DATA VEL 115 n
VPSTST SA 87 17-APR-T7 °
VSIOl .FIN & 30-APR-T7
vSI02 FTR 4 30-4PR-77
VSAS2 .FTN, 9 30-APR-TI.

R . SW .84 30-APR-T7
VILL FIN 2 17-APR-T7
VFILS FIN 2 17-AFR-T7
VSASZ TST ¢ 17-APR-TI
FUNGEN. FTN 3 17-4PR-T7
DATA . VAR 103 17-4PR-T]
RESYN, FIN 9 17-APR-T7
RASYN FTN 1 17-0PR-T7

CFFA PN 2 17-APR-T
IFFT PN 1 30-4PR-T7
16F  FIN' 1 X0-APR-T7
VIBLIB 0B) 143 30-#PR-T7
< UNUSED > 1703 n e

93 FILES, 3083 BLGIXS

rmw

ROOKS ,
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