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CIIl\PTEP I 

,INTRODUCTION 

Thh cuttin~ performance of a ~chine too{-is 

limited by the po"er of the drive; or by the tool life 

criterian. HOIvever, at r.tanY'instances the. occur~nce of 

chatter is realized to be r.tore predominant cause than 

the conventional criterians in reducinq the available 

working capacity of a r.taclJine tool. -lIea~ vibrations 

can be observed at a certain width of· cut. These 

vibrations \·:ill impair the quality of' the workpiece as 

well as reduce ele tool· life.' This vibration phenomenon 

know as chatter drew more and more attention with the 
.I 

introduction of.tape controlled machines and adaptive 

controlled tools. Prograr.tmers of these nachines re~lized 

the need fo~ some relationship of the chatter' behavior. 

to avoid any detrimental effects during the autoMatic 

working. Thus, the need to specify the limits of 

otability for the existing machines and the interest of 

machine tool builders to improve the performance of future 

machines focused a great attention to investigate the 

dyn~ic behavior of machine tools. • 

Thore are, in general, three types of vibrations 

1 
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in r.tachin~ tooL;~ the forced vibration" occurinCJ "P1rtinly 
\ 

due to tlle ur.b:llanced forc:!s, the natural vibrations 

vhica occur due to hard spots 1n \':or):piece, and the scI f 

excited vibr.3tion" (or \,]hich the energy is produced in 

cuttinq procL's~;. It is the third type of vibration, al~o 

knoun as chatter, \·:hicll 'is the most detrinental to the 

perforr..ance o[ a r.achine tool. 

In order to understand fully the correlation 

bet ... een c!latter and r.lachine tool structm;c, 'let us 
·1 

consider rig. 1. 

Iv\CIlIllE TOOL 

4F 

The cutting ?ro::ess prociuct·" a (iyn"nic force AF ,,:hich 

acts on the "'uchinc tool struc.:tu.::c ,and "redllce!:' a 

deflection 'Y betpeen the tool and \:or!:niece. Thi's 

deflection the:'! nodifi es the dynur.1ic cutting force and 
I 

,thus the:r' fern u closed loo? systcm. Consequencly, the 

syster.l is prone to be ul)stable depending upon the dyn':'~'ic 

bch.wior of the r..achinc tool structure and the behavior 

"of the cutting 'process. 

The dJ:'naMic characteristics of a nechanic.:.l 

structure can be well described in terns of fre,,!ucncy 

response functions relaLing the forces as inputs and 

tho displaccmentsas outputs. The stability oz' the 
" 

I. 



3 

closed loop cutting sys tCl!l , in this \Yay ,can be 
./ 

char~~tdized ...:i th transfer function of the machine: 

tool structure and the tqmsfer function of the,_ cutt:Ll1g 

process. The present Hor); is aimed at the study:of t)1.c 

machine tool transfer function. 

The linit of stability of a' closed loop system 

depends on a ~et of input parameters'; In machine tool 

stability analysis, this paraneter is taken'to be the 
., 

width of cut. There '''ill b'c a reaximum width of cut also 
, 

known as the limit ,·titlth of cut, above -"lhich the cu.ttinq 

process will be unstable. A simple equation given by': 

Tlfusty t8 relat~5 the . limit width of cut to the real part, 

6f the transfer flll1ction, also popularly knm"n as the 

real reccptance bebleen the tool and the .,,,or};piece . _ The 

equation' is 

where 

1 

; ",. 

bl\..,-~ximum 
, /' 

Chip widthfoxf.which cutting 
"." J 

, 
becomes unstable. 

a positiyc real"co~,stant ex;>ressing 

the ,'cutting stiffness' and d~pendinq 

on material of wor}:piece and on cutting 

condi tions .', 

<i (,1.)):- Tho r.linimU13 of the real rcceptance. 
II1II 
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This relation is also known as the basic theory 

in the sense of its significance for practical use and 

it clearly points out the importance of structural 

dynamics on the p'erforrnance of machine tool. The only 

existing precise way of obtaining the value G~) 

4 

for the various configurations of .a machine tool structure 
, 

with respect to tne variousorientation~ of tile cut~in9 

process in the machine tool is the experimentat ,~ay. 
. , 

While considerable progress has been achieved in the 

develop~ent of techniques of structural co~utations, 

these still cannot deliver results satisfactorily 

accurate for the rather complicated cast iron.structures 

of machine tools. . Apart from the complexity of the 

shape of these structures, it is mainly our inability 

to compute damping which prevents computations based on 

~la_drawings of the machine to be used for solving 

chatter pro~lems and makes it necessary to resort to 

measurements on prototypes of machines. Computations 

are,' however, valuable complements of experimental data 
. , . 
in such 

changes 

a way that they help to understand how desirable 

of parameters may b~obtained by redesigning 

othe structure. 
J. 

<t:". ~~ny experimental techni~ues .bave been developed 
J • 

for determining the real receptance. These techniques 

basically differ with the type of cxcit~tion. Each of 

, 
\ 
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these techniques has its OIm advantages and disadvantages. 

In elis thesis, while eXplainin~also other tec~niques 

available for the determination of the real re~eptance, 

an attempt is made to formulate ~ si~le and fast 
-,".,--;' .\ 

.experimental techni9£9; simple in the sense' of instru-
. '~ "-

mentation and fast in the sense of. to,sting time on the 

m'achine tool. This method uses Shock Excitation and 

computes the real receptance using the Fourier Transform 

---'l'echniquc. 

\ 

) 

, 

: 
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LITERATURE SURVEY 

...-J.G. Boillngerand J.A. Bonesho were the first 

to appl~' pulse testing in machine tool dynamic an;UYSis. 

They used Laplace Transform ,theory for determining the 

transfer function from the input and output signals. The. 

transfer tunction was defined as the ratio of Laplace 

T~ansform of the output response to the Laplace Transform 
, 

of·the input command. SiJilpson's rule was applied'for 
\ 

computing the Laplace integrals. The tests were done 

on a,simulated one mass system. T.hc.Y developed a~ 

analytical solution for a half-sine wave pulse) input to 

one mass system and studied the effect of system para-
" ' 

m~ter9, sampling 'parameters and the'variables of the 

,. 

' ~ 

) 

, . 

input. pulse. They concluded that pulse testing is accurate ~ 

and independent of thb system parameters. 'An important 
, 

concluSion was that in the cass of pulse testing signal, , 

analysis the,transient output should ~saMPled at least 

to have 10 samples/cycle at the l'Wtimum frequency of· 

interest and the sampling should be .dOne ~til the 

t,ranaient dies, out -cOiiiiletely. TheY also conducted' 

tests' on simulated mUltimass systems and concluded that 
v 

the multiJllass sys~ems imposed ,no restriction on the 

1 pulset~ting technique •. They proposed a. set-up for 

---------

" 

,. 

, 



'automated pulse testing of machine >tool structures using 

magnetic recording of test· signals, ana,log-to-digit<tl 

'converters for di~itizing the recorded signals and the 

. processing being done in a ~igital computer in order to 

get the receptances of the machine tool. 

W.J. Kramer 14 studied the variables in the 

'pulse testing using a sinclle degree freedoM system 
, 

simUlated on an analog computer. He compared the 

8 • 

transfer functions'obtained by three different procedures 

1) harmonic excitation using Transfer Functibn Analyser 

(TF~); 2) Pulse testing, using digital Computer for 

s~gnal processing; 3) Pulse testing using TFA for, 
, . 

signal processing. ,He found that USing TFA for the 

anal¥sis,of pulse testing signals did not g~ve'results 
'1 \ . , 

q:>mparable with the results ob,tained by harmoni'c ,tes~ing 

using TFA. The ~e of digital co~uter for the pulse 
J 

~esting' signal processing did riot yield valuable results .. ". 
due to the inefficient sampling procedure'using oscillo-

, ~ 

scope tracing and manual digitizing~, However, his 

conclusions on the variables o~ the pulse were ve-,:y 
\ 

valuable. He concluded that extreI'lCly"hort d':1r~tion of' 

pulse with relatively big~,amplit~des would yield accurate 

results. 

A.~~ .JtWaitkowski and P.E. Bennett,S N.H.1Ia:nna 

and A.W. llVaitt'-9"IIJd,13, A.W.1J:vaitk~.ki and B.H. Al 

, • , .. 
• 

o 

. I . 



I 
Samaria 17 applied random force excitation to the' 

determination of the'reccptance of machine tools. ,The 

tests were don~ on simulated mach~ne tool structures as 

well as on actual oachine tools. A magrietic exc~~er 
• driven by a !random signal generator with, a power amplifier 

wa~ u~cd be excite the machine tool structure. 

oorrelation technique" for signal proce3s1t'lg. 

He applied 
\ 
\ 

nrc impulse 

response of t.he syS't;em was determined from the auto

correlat~on of the input signal and the cro~s correlafion 

of the Qutput-input signals. Then th~trans fer function ' 

was obtained by taking the Fourier Transform of the 

impulse response. They recorded the input and output . / 

signals on a magnetic tape recorder and used an analog 

correIa tor for obtaining the ~uto and"ct:oss correlatione-. 
, , . 

,-

\ 

The ;~sults ob~ined by r~ndom excitation were compared ~ 
with~ the r~sults by harmonic excitation and' the agreemcnt 

l -' .. 

of the results' W<l';l gOW' owing' to the presence of 

vibratorB* DOstl,y the experiments were perforJl'led durin.,. 
, 

non-cutting c6ndition without feed motions and only in 

SOr.lC ca-ses, ,d th workpiece, rotation,. . ------
Later in reference 17, they used a technique 

where the experiments were p~rforrned during cutting and 

the naturally occ~ing random cutting forces, rather ' 

than vibratoro" provided the required exci~lng force. 

In thl. method, except· for the provision' of transducers, -, 

, .. , 
\ 

-
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the ~xperiments were done under 'ideally realistic 

condi tions., In all the experiments the signals were 
'-'," 

. . 
recorded in the magnetic tape recorder and digitized 

10 

on an analog-to-dig~tal converter •. They used a computer 

program to calculate the correlation functions, impulse· 
. 

response, power spectrum ilnd receptances using tile' 

digitized values of the :input and output signa~s; l'hey 

conclUded that the noise contaminat~onpresented no 

problem in the cutting force excitation technique. 

l(oweve'r', it was found that the results were not repro-, 
ducible'in certain quantitative aspects, ,mainly in the 

region of machine resonance frequencies.,: 

H. opitz~and n. Neck 6,12 ap~lied stocha~'tic 

excitation to determine the dynamic behavior.of machine . 
toplsunder actual machining conditions. They used 

spectral density measure~nt.proced\1re for evaluating 

the transfer fUnction. Three different types of random . . 
I 

" input signals were use,? 1) Utilization of the random 
. 1.-/_ 

I 

cutting force generated by cutting ofa speci~l random 
" 
workpiece; 2) generation of random cutting force signal 

bY !IIeans of stochastic 'chip thickness variat.ion; 3) by 
\ 

.sei81llic excitation. 'They de~ermined stability charta 

by experime~tal .~ro~'ur~e ~~ co~red them with the 

stability charts comp~ted ,theoretically and found 

satisfactory agreement. Their inveotigations showed 
". 

" 

< ' 

\' 
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that~eed rate significantly influence the dynamic 

behavior and they concluded that an extensive assessment 

of the machine ,tool is only possible if the dynamic 

characteristics were measured under actual working 

conditions of the machine too~. 

~y also applied aperiodic test signals to 

the measurement of dynamic compliance of machine tools. 

Two types of aperiodic test signals were used. 1) Pulse 

step function, ge~erated by a pneumatic pulse step 
, 

} 

"function generator; 2) pure pulse signal using a hal'Uner. 

Fourier Transform technique was used in analysing the 

test signals in order to obtain t.he transfer function. 

'i.'he results obtained by both ,types of aperiodic test 

signals were compared wi th harmonic· tests and found a 

satisfactory agreement. They added a very imp\tant 

contribution with respect to the problc~s involved in 

the processing ~f the aperiodic input signal and the 

resulting. transient output sigJ'lal. -,The influence of 
,-

the shape of the pulse, the finite observation till'e 

and the digitizing dilltance of the system response on 

the accuracy of the resul~~ were well analyscd. The 

• relative error of the frequency response as a function . . 

of the 

points 

Obse~on time and the nuMber of digitized 

per period were illustrated in the graph shown 

in Fig. 13. They compared the advantages and dis-
J! 

( --

I 

I 
{ 
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advantages of the three different test procedures; 

harmonic. stochastic and aperiodic. and ~oncluded that 

the measurement of mode shapes were possible only by 

\ 

m0~ns of harmonic test signals. 

o .' 

\ 

. , 



CII1\PTER II 

\ 

TRANSFER FUNCTICN BY FOURIER TPJ\NSFORN TE IINIQUE 

'2.1 CONCEPT OF TRANSFER FUNCTION n: DYNNUC 

CHlIRJI.CTE'RISTICS OF STRUCTURES' 

( 
-;--

) 

The dynamic characteristic of any linear multi

degree freedom systCJi can be well expressed by an nth 
. , 

order linear ordinary differential equation with constant 

coefficients. If fIt) is the applied force on the system 

a:1d x(t), i:? the resultinc:; disnlacerr.ent, then the . . 
differential equntion dcs~ihing the vibration of the 

systP.m can be \~ritten as 

n 
,where. f (t) is a non-hor.-oogeneous form and the symbol D 

cll1 
is to designate --dt>1 

, The functioh 
~ 

/."1J 'll-/ ) V(S) = lctoS + a,s + ..... +a", 

is obtained by replacing the' operator Dwith a number 

real or complex and is called the -characteristic 

~ function- associated wlth'the equation (1.1); 

The aqua tion 'V (~ = O. that is 
f 

aosll + G, 5 11- 1-1- •••• +£Q. ::a. 0 is the characteristic 

equation and its ,roots Q%Ccharactcristic roots. 

• , 
13 
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Then the function 

1 
Yes) -

is called the Tr<:nsfcr Function of the system. 

The irr.portant property of the Tra:1sfer FU:1ctipn -- . 

y (s) is 
, st-·, 5r 

that when f(r)",FoC in (1.1), then x c y(s)F.,e 

is a particular solution. 

If S'" i w 'the p<:rticularsol ution becomes 

X = Y (i w) ;:;;, e it.AJt d 

This equation (1.2) describes in co~lex form a 

s~nusoidal oscillation of circula= frequency 'w, 

~he response has the llmplitude / Y(:;<I)/I';;., 

and an, YCi<0qives the phase difference bet\}eep. the 

displacenent an~ the force. 
~ 

Since' Y (II.()) a function of> the frequency 
. ~'\ 

changes the existing forcEl into" a displac~mcnt response)_ 

by its' presence as a m'ultiplicLltion factor, y c..t'w) is 

also called the"freq~e~cy response function".' 

This function y erw) is called a MReceptance" 

1.2 

in the analysis of dynamic characteristic of machine tools. 

2.2 Dete,rmination ,of Transfer FUi'lction by Fourier 

, Transform Hethod 7 
~ . 

The dynamic info~~tion which is usually showrt 

in frequency response form is obtained by finding functi9nal 

, .. relationships between input and output in frequency do:nain. 

Several methods are available to dctetrni~e the frequency 



response of ·systeMs. 

If the system components are precisely defined, 

a straight forward mathematical analysis ~ay be used. 

In general, the systems are such that their components 

cannot bed~fined P5eclsely for straight forw~rd mathe-
. - \ 

15 

mati cal analysis and an exact determination of the recep

tance is often (practically in all cases becaUse of 
, , \ 

inability to compute damping) only possible in the 

experimental way. 
, . 

For such a measurement, the system is subjected 

to a disturbance a~d the time relponse observed. From 

the observed ~e~o~se and t~e given disturbance, the 

amplitude and phase relations between the input and the 

output:. signals are computed. To get the frequency 'response 

~ over a range of frcquenciesof interest, the experiment 

should be able to give informations of amplitude and 

phase relations of the input and the output over the 

whole range of frequ~ncles of interest. 

The simplest implemen~ation of a measurement, 

technique to get the frequency response is tho use of a 

sine-wave input and observe the rosponse. Since the 

sine-wave contains only one frequency component, it provides' 

a simple way of measuring the tr~nsfer function using 

vol tmeters and phasernetors. However, not all the systeII\B 
• 

may be measured using sine-w~ves', "because there 1'a no' 

~, 



way of inserting such a signal into the system. 

Therefore, a computing technique is to be 

icplemented that would take a more genera~ type'of input 
" 

and output, in whatever, form they may be, and would 

calculate the system's frequency resPonse with those 

input and output .data. A very powerful computing for 

16 

general type of input and output wane forms is the 'Fourier 

Transform Bethod" • 

The Fourier Transform of any function can 

be found from the equation 
~ 

S;<. (f) = f X (.t-) 

-J ::z.lTr t ' e dt - .- :l·1 
-00 

This expression is a means for transforming an 

amplitude time function into an amplitude frequency 

function. Or, to carry out the inverse operation, the 

equation Q:> 

X(r) - f 5,.(F) 
-00 

is used. 
, 

Transfer Function, the mathematical description 

of a system, can be defined as 

Fourier Transform of output 
Transfer.Function ~ FourIer Transform of input 

This relationship can be easily proved as ·,follovs: 

The differential equation describing the response 

)(Ct) of a linear n-degree freedom system subject to an 

input force Fa) can be written' 

(401)'' +QIJ)"-'", - • - • - +c:i,,)X _ 1=(1-) ... ~'3 



Eefore proceeding further, .i t is important to 

know .~hat is thc Fourier Transform of a derivative of 

F{t) It c~, be easily proved that 

17-1" 00._ - ,~, 

where S [IfFj is the Fourier transform of nth derivative 

of the function F (t) and SF(.r) is the Fourier Transform 

of the function f= (t) 

Now applying Fourier Transform to both sides of· 

the differential equation (2.3) for the response of 

linear n degree freedom gystem, we have 

17 

[ao( iw)no+ a, C'°f.AJ)I'·H+ o+anJ S,Jf) = 5/-0 

and that. is 

where G (t"4J) is the Transfer Function 

and thus, 

or 

51<. (-f) 
SF Cf) 

\ Fourier Trilnsforn of \out:"lut 
Transfer Function a Fourier Transform of input 

and this is the basic relation in implementing Fourier 

Transform method to analyse the dynamic characteristic 

of systems. 

2.3 Practical Imple~ntation of Fourier Transform 

Technique in Signal lulalysis 

When the characteristics of a signal are 

measured. the measurements most often made are.tho 

spectrum of the signal and the trans~cr function .of the 

\ 

1 , 



systeia" l.'o\~ the 'question is how to measure sp'ectra 

--and t~ansfer functions, especially when signals more 

complex tha}l simple sine-waves are involved. As 

explained earlier, Fourier Transform metn~d-readily 
l... ,: • 

helps to solve the above question by givfng the simple 
., -~ <. 

relationship that the Trans~ction is the,lratio 

of output spectrum .to the in!,ut 'spectrum. Hence, it is 

obvious that the practical i~plementation of this 

principle is ba'sed upon cOnlputatio~ of the Fourier 

Integral in equation 2.1. 

The very usefulness of the Fourier Transform 

method depends on how easy it is t,Q, co~ute the Fourier 

integral for a gj,ven time function. \fuile in principle 

this technique has been'partially ill1'ler.:ented u.sinq 

analog instr~ents, their full development has waited 

on the availability of digital prOcessors with sufficient 

speed and flexibility. 
,- ", -' 2' 

Discrete 'Finite Transform: , 

The Fourier Transform of the time function x,Ct) 

is-given ,by 
. 

,The time 'function )( (,.) which extends to infinite , ' 

18 

time, transforms i~to clte real and imaginary parts. of $t.(T') 
~ " 

and S .. Cf) is continuous over an infinite frequency range. 
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Discrete Finite Fourier Transform: 3 " 

If the time function is periodic having a 

period ot T seco~ds, on the record is available only' 

r for a finite time which is the case with any experimental 

data, then a finite Fourier transf9rm is defined as 
;r " 

S(-f~) I~ -:- J x, ("f) e-J .2Tr;h,t dt 
,0 

and its inverse 
)):1:-00 

In this case, 5 (.J)the amplitude-frequency funct~on, 

, is not continuous but is composed of discrete components 

spaced 1fT N~apart and it still extends over an infinite 

range. The. lowest frequency that. is resolved is' 11- Hz 
, 

and hence', the reccftd must include one complete period 

of the lowest frequency of interest. All the frequency 

components are integer mUltiples of this fund~ental 

frequency. 

In order to implement Fourier Transform 

digitally, the continuous time function :1:<'1-) must be 

sampled at certain intervals of time to give the discrete 
•. r-...,. 

time series X (t.J vhe~. X (t,,) i8 the value of the, time 

,function at the saq»linq instants to,I",,···· tl( 
'0 

(' 

Let us assume that the sampl.s are spaced 

uniformly in tiM and separated by an interval At-. In 

order to perfom the inteqral the slUllPlea must be ' 
. ' IN 

.' 00 

.. 

, separated by an infinitesimal amount of time which means A~ -+ dt' 

/ 



Due to physical.constraints on the analog-to
t 

digital converter, this is not possible. ,As a result, 

we have to calculate 
k=+ao . 

S Cf
n

) _ '~ X ct/<.) e -j :2.11'{ .. fk. 
1(::._00' 

In order to calculate S(:f:) according to the above .... .'/' 
expression~, we must take an infinite number of samples 

of the input waveform. As each sample must be separated 

by a finite amount of time, it is obvious that the cal-' 

culation' of S (Tn) will never be completed. Also, all 

the digital memories are discrete and finite in size. 

Therefore, the equation for the Fourier Transform must 

be changed to a finite sum for digital processinq. Tllis 

means only a finite number, s~y N, samples,may be taken 

and stored. 

The record length 
" 

T:::. N ~;t 

The ~requency inte.rval tCl.f = :1iT 

Then a discrete finite Fourier Transform pair can be 

obtained from the continuous finite transform pair. 

They are given by !" ' . (.1<.) , -J:Z7rn 
'5Cf~) = ~ 'x. (t,;) e No 

where k:aQ 

_ • 'N-J 
and 

and . • .!5... 
5 i:F,.)e""~TTn(,..,) 

.... X (t',J = 

20 



Fast Fourier Transform: 1,3,9 • ...... 
The fast Fourier Transform is an ingenious 

method for efficiently computing .the Discrete Fourier 

Transform (D~) of a sampled time functi~n. This is 

an aLgorithum,reported by Cooley and Tukey in 1965 and 
~ . \ 

a variation given a year later by Gentleman and Sande 

21 

for the computation of Fourier coefficients which requires 

much less computational effort th~· was required in the 

past. The FFT takes advantage of the fact. that the cal-

, cUlation of the coefficients of the OFT can be carried 

out iteratively, which results in a considerable savings ~ 

of computation time. While D,FT evaluation by the straight 

forward procedure ,requires a computation time proportional 

to N2, the FFT a'lgori thum requires a computation time 

proportion to N log 2 N. The reduction in computation 

t.1,me is proportional to N/log2N and this ~uction: is 
. . 

, very significant fOr large N. For example, when N-512 

reduction in computation time is approJIIIIl~IY 57:!. 
J 

. 

Many problems of signal_analysis 
I . 

can be solved substantially 
, 

'Illore economically now than in .the past. 

• I 

advantage of saVing, the Computation t1mo 
, 'I 

pell811tes this restd,ction. 
, I 

Bowe,er, the 

any modern computer and is 'used JIIOre and .-ore 

dat;.a wlysia. 



CHAPTER III 

TECHNIQUES TO DETERMINE TIlE RECEPTANCE 

OF ~lAClilNE TOOt 'STRUCTURES 

INTRODUCTION 

·) 

/ 

The magnitude and phase relationship between a' , , 
sinusoidal force input to structure terminal of machine 

tool and ~e resulting vibration is called ~e rece~tance 

of machine tool. Receptance is same as Transfer Function 
\ ;. 

"and this relationship is usually given as a function of 
- ' 

(rcquency in the form of coroplex expression which is 
! 

cOlI1r.lonly known as G (jw) • 

There are basically three·-tyPes of expEjrimental 

procedures to determine the receptance G (jw) • They are 

categorized on the bas1s of th~· type of excitation uscd.( 

TheY are listed as follows. 
, 

1. Harmonic excitation (steady state input). 

2. 

3. 

3.2 

Random excitation. 
\ 

Pulse excitation (Transient input). 

HARUONIC EXCITATION 

This is the conventional technique for ~ete~inin9 

, . the receptance C.(jw). Baxmonic testing is the easily 

understandable and the BIOst direct method for ob~ining . 

22 

• 

f 

l 
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G (j .... ) • Essentially. this test.ing in'(olves the folloHing 

steps. 

a) Exciting the structure with a sinusoidal 

force of .knmYn amplitude and freq·uency. 

b) Observing the displacement waveform. 

l c) Co~puting the ratio of displacement and 

fOrC~aI:1plit~des a~d the phase shift bet\-leen ther,f. 

. d) Repeqting the procedure over a r~nge of 

frequencies 9f interest. , 
T.his technique has. now been fully developed and .. 

perfected .and this is often used very successfully. At 

23 

;. many instants the , ... hole test procedure is fully autor.1ated , 

to give th~ r.eceptancc graph over a rabge of frequencies 

of interest. I 
• 

The measurement of absolute receptance does 

not give Euf·fic;:ient information for ma~ine tool ,dyna::lic 

analysis. As explained in chapter I, in machine tool 

dynamic analysis, the most important parameter to be 

explored is the reai part of the freq~ency characteristic, 

called the cross receptance bet-,leen tool and workpiece. 
/ 

There are mainly two purposes for which the real rec'eptance 

-
is used. One is. the minimum of this real receptanco 

'\ 
function gives a stability limit for 'the machine if a . 

vtlY simplified relationship bqtw'ecn ·the cuttinq force 

and chip thickness is assumed, and th.e second purpose' 

.. -_ .. 

J 

( 



\ .. 

is to ioentify the vibratory system of 'the machine and 

i:o explore the possible design alterations toqet better 

performance. 

The above discussion ,necessitates that the 
~ 

Absolute rcceptance should be decompo5ed into~~l and 

Imaginary parts. This step requires the Mcasurement of 
~ ~ 
the force signal-and the re~ulting _vibration ,signal and 

to determine, the vibration component in phase and out of 

phase ~i th the exciting force. The block diagram of ti!c 

experimentul set-up for Harrnbnic excitation testing is 

shown in Fig'. 2. 

The exciter'E acts on the structure with a force' 

1:' (wI c F sin wt and is measured by tne force link D • 
. 

Vibr.ation is measureo by the- strain gauge pick-up P. 

The vibration of thc str'ucture \~ould be X,sin(wt+,9I1 

\~here fD is the phuse d,ifference ,bet.~een the force and the 

displacCMent. Then t!lC real part of the displl\cement 

which is in phage with the force i5 given by 

Real (x) aX cos ~ 

, 
,', 

and Imaginary part 

~ " 

ImAg. (xl -x sin " 

24 

The output fr6m ti.e force tranoducerand the output fT-orn 

the strain ~auqe bridge are fed into the ~rnnsfcr Function 

Analyser. In the force F(W)J the value' of :thc ampiitude 

-, 
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Fis maintained constant in the whole range of £requ~ncies. 

The TFA consists of phase sensitive voltmeters. The 

outputs from TFA are d.c voltages Ilroportlomil t~ Real (x) '" Xco:.)I' 

aand Imag(x)-~sin~ These outputs are fed to y co-ordinates 

of the x-y plotters' while the x co-ordinates 'are fed from 

the frequency meter. As the amplitude of the force is 

kept constant, these plots, represent the rc~l and im~ginary, 

components of the Transfer Function. 

Harmonic testing method thus ·is a' strai~ht for"ard 

proccdure. HOwever, il) its appl~cation, it has been 

observed that experimental rcsults of thci teal.recept<,.nce 

arc rcproducibl~ only under fixed test conditions. A150~ 

thc harmonic testing L1Cth9d involves the usc of a 
--, 

I 

vibrator uhich, creates artificial test conditlons and it 

is questionable whether these results can be fully valucq· 

to explain the machine behavior while cuttiI1g. 'Though 

it could be possible to arrange the test conditions 'to 

the correct requirements, it still needs a large nUlt'.ber 

of tests to cover a wide range of variations and it is 

a time consuming procedure. Al30 the devices used in 

harmonic testir.g arc rather Complicated and expansive 

and very often they demand nqn-d1storted sinusoidal 

waveform. on both force and vibration signals • 

testing 

. . , . 
All these restrictions involved in harmonic 

neceaaitates to explore the poaaibilitics of 

--", 

... 
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obtaining the 'Iransfer"Function by tiMe domain approach 

ra ther than frcceucncy cOr.lain approach •. 

3.3 TIlle OOI'J\Ill i\PPPOi\ClI 

The basic princr~of time domain approach to 

'" dete:IT.line thc fre<:!uenc~' response char.actcristic can be 

explained as follo~s. 

All thcse discussions are based on the assUI:1ption 

that the sY5ter.l being tested is linear. A system can":?' 

be dcfin~d ilS being linear whenever superposition holds, 

i.e. a response du~ to the sum of t~~ signals is identical 

to ahe sum of the re5ponSE"S created by each~ of the input 

5ignals applic:1 incividually. 1\s a result, the frequency 

spcctr~~ of U\e o~tput signnl contains.onl~ those COI'l

!,onc:-nt5 prcs-ent in the input, "lthcu~h the a.,"plitudcs 

and phase of the conponents can becifferent. By contra5t, 

a non-linear system does not obey the su~er?osition 

concept, and -flco..r frequency corr.ponents can be pre!}.cnt in , 

the output while SOMe d~ all of·those in the input 

signal spectrum can be eliminated. 

A linear system can be characterized in either 

.tho ti~e domain or tile frequency domain. Tho ti~e comain 

characteristi:' is calied the unit impulse response 
~ 

.• and is the waveform that ~ould appear at the output if 

a Delta function of unit area were appiiedat the input. 

'l'he fre<:!qoncy domain characteristic is referred to as 
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the system Transfer function HY}which is of our intere~t. 

The response of a "linear system to any input 

signal in the time domain may be deteroined frOM" the 

convolution of the systel:l impulse response hCt) with 

tho input signal )(.~) to give the output ytt): 
CIO 

yet) = fACt) X (t-'(» df' 
-ClO 

If the Fourier Transform is applied to this' convolution 

integral, then by the relation, convolution in tiMe 

domain is l:1ultiplication in frequency domain, 'the smple 

relationship is obtained. If Fourier Transform of input , 
is SxG:), 'o~tput SyC.f) and of ~e impuls~ response H (t=) 

then 

or 

• 

SyC-f') - SxC-f) .IH-£) 

IHf) _ SyCFJ 
5.c(F) 

which is the ,Transfer Function of the system as proved 

earlier in chapter II. This 'shows that the" Fouri~r 
Transform of' the unit impulse response, h(t) yields the 

'Transfer Function. Thus, if the -respOnse of a linear 

system to a unit impulse is known, by Fourier 'l'rans-, 

formatlion of this unit impulse responSe, the 'l'ransfer 

Function can be obtained. 

The above discussion provides us with ~ 

different approach". to detenUne the Transfer Function. 

• 



!V 
'j 

I , -

l. 

2. 

correlatio~ Approach 

Power-Spectrum Approach 

-
28 

Both these methods "requi,re an input signal which 

contains all the frequency components. of interest with 

sufficient amplitude. Then by the principle that a 

response du~ ~o the sum of two signals is identical to 

the sum of .the responses created by each of the input 

signals applied individually and with linear system the 
• 

spectrum of output signal contains'. only those components 
'0 , 

p!"esent in the .input, it is ea~ily conceivable that 

applying an input signal having all the frequencies .. in 

the' frequency range of· interest is equivalent of testing' 
-

the system simultaneously with all the harmonic signals. 

If there is a method available to separate out 'the input 

and output signals into frequency components, then again 

it is easy to understand that the T4ansfer Function ean 

be obtained just by dividing the output frequency 

component by ,the co~responding input frequency component 

as there exists a one-to-one frequency relationship 

between the output·signal and the input signal. 

Both correlation and power. spectrum aethods 

require a record of input andoutpu~ oVer a length of 

time T. Then the whole process of 'Obtaining the 
'> 

Transfer Function is.by co~utation •. The test duration 

b very short and measuring inatrumontation is lIiJllple. 

"-~ 

, ' 
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As only a short tirae nistory of inr>ut and output is 

recorded, a large number of tests can be carried out 

in a short time and the results can be computed later. ' 

There are blo types of excitations used in' time domain 

iPproach: 1) Random; 2) Pulse. 

Random Excitation: Host of the dynamic systems under 

conditions of actual use are often noisy. This type 

of no,ise genera ted wi thin" the system itself can be 

used,as the input to find the dynamic characteristic. 

For exar.lple'; in case of' machine. tools, the' random 

force produced during cutting can be used as the 

disturbing input signal. Hence, nd.input, device is 

n~ededi and the system need not be disturbed during 

testing. However, the analysis cannot be very specific, 

~incQ only certain average characteristic of input and 
t 

response could be determined. Also conputation of the 

Transfer Function 'is time consuming as it inVolves 

probability distributions. 

Pulse Excitation: In Pulse testing, the systel'1 is, 

given an arbitrary input, usually a step or pulse. The 

,analysiCl of the Transient response yields the Transfer 

Function. In Pulse testing, only a simple input device 

is required. 
'--3.4 CORRELATION TECHNIQUE TO OBTAIN TRANSFER FUNCT10~ 

Definitions 

,Corrola,ion is a method of time-dolMin analyaia 
) 

" ' 



which is very useful in determining systems Transfer 

function. Correlation is a measure of the similarity 

between two waveforms. It is computed by multiplying 

the waveforms ordinate by ordinate anp finding the 

average product. 

Autocorrelation function 

The autocor'rel:ation function 'RC1!lof a waveforl!'. 

is a graph of the similarity between the waveform and 

a time-shifted version of itself, as a function 'of 

30 

the time shift. The autocorrelation of a waveform xCt) 

is mathematically defined as: 
T 

lim -k. fx.(-t) X(:f-(l)J.t 
T-+Qo , 

o , 

That','.is, the waveform X (1") is multiplied by a delayed 
", 

version of itself, X (t-7» , and the product is averaged 

over T seconds. An ~xample of typical randor.t signal 

and its autocorrelation function are shown in Fig. 3. 

The autocorrelation function of a wideband non-periodic 

wa~form is non-periodicllnd narrowly peaked. The 

wider the bandwidth, the narrower the peak. The auto-, . 

correlation function of a periodic signal is'periodic 

and has the same period as the signal waveform. 

The autocorrelation has , 

,a) 3yJIIIIetry about l' - 0 

~) A positive IIIIlxi1l\Ulll at 1'.0 equal to the 
. - , 
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mean square value of the signal from "'hich it is 

derived, ie R~(o) = X2 
c) 1<)(,/0) ~ R)(x(7') for all '(l 

d) The autocorrelation function ~nd t!Je IJ.uto-

power spectrur.J of a signal form a Fourier 'fransfor.n 

pair Cb 

c) R~i71) = J GJ (-f) CoS.:2 IT.:f'{I df 
xx 

o 

~7<A (;f) = .2, J Rj" (71) CoS :277f7' dll 

Cross-correlation - <D 

Cross-correlation function shows the s~ilarity 

beb:een two non-identical '~aveforms as a function of 

the tine shift betHeen thCl'1. The cross-correlation 

between two non-identical signals X (t) and yet) is 

defined as c:o 

£xy (11) = f~ Ct-) 'x' (r- '[)) d.t-
-00 

Cross-correlation is the most useful fun_ctio,n 

in signal analysis. .l'e will restrict our discussion 

to finding out how cross-correlation can be used to 

detercine syst~,?ransfer Function. If h(t) is the 

system's unit i.rnpulseresponse and if X (.f) is the input 

to 'the systCll'l, then ye+), the output responco, c,a 
/ 

e 

f obtained by the ' 

X (1') ~ ,-1_h_{_'Zl_) ...I') )' Y ('Cf) 
" 

.).' 



o ' 

convolution of' the unit impulse response of the system 

with the input_ . ~ ~' 

The 

YCt)', = J h(U) X (t·-clJ dl< 
o 

circuit configuration for cross-correlation fs 
'" 
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sho\ffi as below 

><.ctl I Jdf) 1Y(t')@lfY(to)J«(t--1».{t>]I-----I>_.·_ 
.f. ~ - ~, (1') 

'----~@ x (t-l') 
The use of cross-correlation for determining 

, , 

Transfer'Function is based on the fact that the cross-

correlation function of the input and output signals 

'yields the unit impulse ,response of ~e systeM which 

then transformed will give the Transfer function of 

the system_ 'The fact that the cross-correlation function 

yields the, unit "impU:ls~ response can be proved as follows: 

')«(t)--''t~,1 hCt) t---l'~ ... Yff) 

The cross-correlation between X et:) and yet) is defined 

as !?;cy (7)) .,. f ~ (t-) 'y c r+ V.) at
'l'be output response Yll-) is given by the 

convolution . 010.. ' " 

yet) . z:a J h'U) ,)( a--a)'a",' 
o . 

QQ 

'Y(t"+p):a of 1,{1.l.) X tf'+V-.U) al( 
and 

replacing by 3 . .'l. in 3.1 

3.7 

3-l.. .. 

.... " 

... j1«(I-) elt- J htuJ >( (t+71-")dl( 
. - .' 

Interchanging 
'J 
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The indefinite integral can be recognized as 
. 

~ c'P-"D ' the autocorrelation function of the inpyt. 

Hence, the cross-correlation between the in~ut and out-. 
/ . put is given by C:t:> 

R.)f.yCTl) -= J heu) . .e.(71-u) d~ 3·3, 

o 
which is the convolution of the unit impulse response 

het) of a linear system and the autocorrelation of 

the input signal • 

. Let us assllJllC the input signal ><..C-t) is from 

a white noise source.which has a power-density spectrun 

given by , 

Then, taking the cross-correlation between output. arid 

( input 

which is proved as ., 
R. ('(1) = J h Cu.) R>c>( (71-J") ele.(. 

"Y 0 
\. ", 

Since the autocorrelation function an~ power 

density function form a Fourier Transform pair, it 
" 

fqllows that J?~('(1) = . s:1[,,!,,] 

Hence, 
= ~ dC'TI) 

0. 2-

1Zv.,CfI). J hell). 4' tfc'()- u) qu. 
• R..-.., tp) - 4' h ('(l) 

'l'hus, the cross-correlation for various time delays ' 

ylelda the unit ~ulse response of a linear system. 



\ 

:. __ .-.-J~._;. _ ... _, _ .. _" > 

The distinct stages involved in the overall 

programme of getting the Transfer Function ~ing 

correlation technique may be written as: 

1. Exciting the system with a white noise 

source and recording the input XC't) and putput YC-t) --over a ~ufficient length of time period T. 

2. Computing cross-correlation function 

between the output yet) and input X.C-t) and the 

solution is the impulse response h t.t-) of the system 

tp.sted. 

3. Fourier Transformation of \~e impulse 

response to give Transfer Function. 

3.5 POWER SPECTRUH TECHNIQUE TO FIND TRANSFER 
FUNCTION OF A SYSTE1! 

This is a direct way of, finding the Transfer 

I 
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Function without going into the problem of determining 

the impulse response of the system as done in correlation . , , 

technique. However, there are'exact relationships 

between the 'correlation functions, in time domain and 

power spectrum functions in frequencY domain as: .. . ~ . , 

correlation functions and power spectrum functions . . " 

form Fo~ie~ Transform pairs • ., 
i.e. Autocorrelation, "~"""_,,,.,,, 

Cross-correlation ... .--~.-

Auto Power Spectrum 

cross Power Spectrum 

The frequency domain and time domain characteristics 

are illustrated by the following.' 

, 



X(t) ha) 

R(F) 

Definitions 

>f. . 
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Cb 

yet) == j ~(.P XCt-.11)dfl 
-c» .r.o ", . (., 

S (-F) = ,N (-F). 5.,..(-1=) ,: 
Y , ... f 

Auto Power Spec.truro: If S)(. (of) is the Fourier Transform 

6f signal >< Ct) • then the auto pO~ler spectr=. G,XJ(Cf) 

of si9nal )(Ct-) is forMed by mul tiplyinct the value of 

SxCfJ. by its own conplex conjugate 

" 

S,c/f)=- ,.A C-F) +jl3{-FJ . . -

( ). S Cr-,>J - ·fA (.t:) +J 13 C';] r"(';J-:Jg{,r~ ~)(><(f) -:- Sx -F. . x .T.,/ - • ~". 

. ~xx (.1:)= . A2.C+') + 16
2
(.;:) 

.Each spectral .line of ~JV<Cf) is proportional 

to the voltage sc;uared at frequf!ncy {in case of voltaoc 

signal) or more precisely. to the variance of th.e input 

wavefoi"m at frequency f. If s,. (.f) is called the linear 

spectrum. then GiJCl( (F) is t.'le magr.i tude squared of the 

linear spectrum. Auto power spectr= has no inaginary 

part and it i~ indepe~~ent of the time position of the 

input waveform • 

Auto spectrum is very useful in spectral analysis. 

Cros.s Power Spectrum: The. cross pO'oIier spectrum t;~(';:J 

between two signals y~t-) and ·x (t) in a process or 

system is formed by multiplying the linear spectrum of 

ytO by the complex conjugate of the linear spectrum 
• 

of X (t) measured at tho SIU!tO time.' . 

G,)I/.(-FJ ==. Sy ·S/ =tA)' +j~)') (Ax -j81C~ . 

G,rxl-r) = (Ay/lc +-1J~8It) + j ~S;A. -&11.,)· 
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• 

This relat.ionship shoHs that the cross spectrllr.l 

is not a positive real quaritity like the auto spectrum, 

but in general is. both complex and bipolar. A phys~cal 

interpretation of cross spectrun is, if there are con-

ponents at a given frequency ,in both, X (to) and yc t) , 

the cross spectrum will have a oagnitude equal to the 

product of the magnitudes of the components and phase 

equal to the phase difference benreen the 

It has been proved earlier in chapter II 

components. \ 
. '7 
''\ 

, 

/ 

Transfer Function: Fourier Tran5foIT' of <;>~mt .,'Gei) 
~ Fourier Transforn of ~nput , 

Le. Gi (~) - SyC-F) 

S .... (F) 

• 

or 'mul tiplying the nunerator and .,denominator 

of , "J cquatio,n (5.4-), by S"cU::, the conjugate of Fourier 

Transforn of input. 
G,UJ= 

'>1: Sy C+".J. s... (-F) 

Sx (-f.) . S.JF),' 
Gr,,,(-F) 
Ci-x"C/) 

i.e. Transfer Function 
Cros~ p~rerSpcctrumof Input , O~t~ut. 

• Auto I'o,.,.er Spcctrun of Input " 

Either the expression (3.4) or the powcl; 

spectrum expression (3.5) can be U!'ed to deterr.line the 

Transfer Function. , lihile the first one is si'r.opler to 
\ 

1 
1 

,. 
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implement and less computations why should we go to 

po~ler spec¥unLcalculation? This could be ans'iered as 

follows. 

Since the phase information is important and 

as the Fourier Transform of signals vary widely with 

time poSi~io~the first method requires a ti~ 
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synchronization. To avoid this restriction and because 

averaging gives a more reliable Transfer Function" the 

second method (Power Spectrum>--~most col!1lTlOnly usep.., 

In the second methfd, 

a very -important p~t 

. 
tile cr_oss pm"er spectrum plays 

/ 
as it keeps 'the phase relation-

ship irresp~ct of .the time position of signals. 

I The' second method is more generally written , 

as 

• 

Transfer FUnction • Average Cross pOWer Spectrum of Input&Output 
Average -Power Spectrum of Input 

The ~portant point with regard to the power 

spectrum approach is the input signal should 
- . 

ocontain components' of all the frequencies o~er the 

range of frequency ~nterest with sufficie~t amplitude 

for each frequlmcy/ component. In other words, the 

auto spectrum, of ~put Gxx sh~uld have sufficient 

~gnitude over the r~c of frequencies of i~terest. 

, The different types of signals those fulfill 

-this condition are: 

1. Band'Limit~'Hhite Noise. 

; 

, :/ 



, 

~ 
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2.' Psedo Iran~om ~~n~- ~equence of pulses. 
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r' 

3. Periodic pulse train • 

. 4. Single pulse of short time duration. 

Any of these excitations can be used in the 
. , 

power spectrum technique. The requirements of the 

'parameters of thesewav~forms and the relative advantages 

of these excitations are not discussed in this text • 
. ; 

The aim of this work is to use excitation of " 
" 

single pulse type to get the receptance of machine tOOl, 

s'tructures. Therefore, only the single pulse type 

excit~tion and its requirements to suit the Fourier 

Tr~nsform'techniqUe a~ a ~orough analysis of Finite 

Fourier Transform application in pulse testing are 

discussed in tl;le follO'tling chapter IV. , 
" ! 

I 

, . \ \ 
\ 

, 
" 



aIAPlER IV 

APPLICATIOO OF FUJRIER TRANSFORM TO SHOCK EXCITATIOO 

.' 

4.1 ,IN'lIDDUCl'IOO 

INPUT ~ l _____ ... 1 O~UT 
XCi") . SYSTEM .YC"t) 

Pulse Testing involves ~ appllcatic:n of a pulse sil'}:lal as , 

an 'input to the system. '!be respc:nse to the pulse input is a transient. 
') , ' . 

. i 
Transient Pulse Pespa1Se 

XCi) 
YCf) 

J 
The, input and ~ut are reCOl'ded am by variws cooputatic:n 

techniques, the freq~cy re\xnseor the system.ts ~uted. However, . \ 

the IIIX\t paorer1\1l am 1%s~ caIp1tatic:n JIr!thOd ~ the appllcatioo of 

Fast Fourier 'l'rilnsfm'm to the input am output a1!!Jl8ls arxl eJ!t ,tie 

treQuency respcnse. Fast Fourier Transform.is Il1g1tal, Disj:l'ete arxl 
- . . 

F1n1t£ Transform. These tenns have been well explained in Chapter II. 

'lhe awllcatl00 or WI' needl$'~ 1nvestlgaticn with regard to the parareters 

involved in tre time record, or ~ and output ~.' '!be requ1.relrents . , 

or ppr to give the exact results d1tter ~ 01 the, type or input 

and output ~ involved in the SlIll.Yais. For eX1lq:lle. in est1Jlating 

the power spectn.m or ocean no1ae it 18 teapt1ng to belleve that ob8el'T1ng 

tor lalger t1=a will produce ~ aftl'llglit est1a!t:ea or the trIInStorm, 

but th1a 18 mt true. For IIl'II 1ltat1.cnal7 ranbl a1t;lal la~ d)aervatlon . . , 

.39 
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tire does not in, any way 1I:prove tre est1rmt1 m because even very Sho,rt 

lengths of record cmtaln tre sane 1nfor!Iat1oo as the looger records. 

&It in case of translent respcnse produced by pulse testing, 

lt will be 5h<?offi while using finite transform tre tire cif ooservatlm 

of trans lent resp(nse is a very 1nportant factor. In this chapter the , 

proper use of Pour1e: Transform tecln1que with reference to pulse testing 

is analysed. 

4.2 ERRORS llNOLVED' ill cnIPI1rING FINl'IE FUlRIER 'l'RANSroRM WE ro 

FINl'IE REOJRD. IENG'lH' AND DATA SANPLIOO 
" 

4.2.1. Aliasing Error, 
.' 

'!he carputatlm of Dlgl.tal Foor1er TrmlSfunn is dale by 

evaluat1ng the Fl:m'1er integral: by equ1spaced S8IIPling. If the tire 

. interval bet"ween two S8II{lled data is .0 t-th!m tre s8llPl1ng frequency 

F,lsl/4t., , 
. " 

, , 

By Shannc:n' s silzrpl1ng theorem this S8llPl1ng frequency should 

be at least sl1pJlt13 more than tw1~ tre highest frequency we wish to 

resolve. Tran3lating Shannc:n' s theoten into an equatlm: , 

I, 

'le. FmaxC: 1/2At I -

or cmven1ent13 this can be lIrltten as: 
. I 

, , 

p' - 1/2 t 
IIBX 

en:i F 18 caJlelt the Nyqulat trequency 
IIBX 

relatl<mh1p bebleen I1811Pling , 

parazreters : 

t1Jae or ~~ 1ntel"Val- At 

~ or SBIIPln' • N 

'l'btai t1IfIt or re«ed T - N. A t 



u 

Max11ll1lll frequency coopcnent 
resol,-ed in transform F .. r 12 • 1I2.4t 

uax 5 

Frequency resolution in the 
frequency damin f • vr • J.JN...4t 

, What ~pens if the s~ cootalns ~cies gt.eater than 

the Nyquist frequency 112·.4 t? Any C<XIpa'lerlt, above 112 .A t or its 
" "- ' " " 

nul~iples are folded back onto frequencies bel, Fuax, Hence, the ' 

resulting DFT will cootain misleading 1nf'ornatioo, In other words, the 

results will ccntain tenns to describe the IlIIPlltude or frequencies above 

F but, they will appear at the Wroog place a'l an auplltu;le vs, frequency 
uax , .~ 

plot, For exanple, a caJilOIlfmt or' frequency Fs12 + .Af ~ts f!:llded baclc: 

and win appear at F /2 - A f, Because of this 1nperscnatioo of anotner • s ' 
frequency, the eITecl; has beCCIll! kncIm as "all asi ng" , 

In practical neasure=t sltuatioos this aUasing does not 

present ouch of a difficulty, since Fuax can be chosen to include the, 

highest streng 'frequency conpooent or the ~ 5~, or a nIter cal 

J' 
be used before the sanpler to el1ml.nate BITY strCl'lg OOIlp(l'lents abOV; Fmax, 

However; it will beBhCMl in pai-agraph ( .... ~ that in the' case of pulse , 

testing this problem is DUCh mare involved than just the Shannoo's 
, ~ " , 

cr1ter1an, J 
To 1llustrate the a11 as1ng probl.em. the 811Pl1t1Xle spect 

\ 

is ~ for a wave form that is ,ru~ to ensure nc abow 

the Nyquist t'l:equency are present. 'lb1a spectJUIIIis ahoIal in Fig. 5.1. 

'lbe sane n.lteJ;'ed wave !\:Inn waa then aaIIPled at 112 8rd at 113 the px'qICr 

1S8Iq)l1ng tl'equenc,y '1ft1 F1gureS 5.2 anS 5.3 [2] ahor ~ ,<l1atczUd spectl'\l:ll. 
, , . 

! 
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4:2.2 SanJlllng W1Iv:i~ Error 

Any pnysically realizable device can act ally on s1!'1J8,ls which 

are. lim1.ted in duration and in pam width. If 1nf1n1te~ lcng s1!'1J8,ls 
c. 

with infinite band width are passed througtl any pnysical device, they will 

be tine and frequency-band limited by the device itself. '!be sinplest 

kind of tine-limiting is the appllcaticn of a square tine w1Iv:io.l. If we 

have a functicn x (t) and,we take a T-seccnd lcog recOrd of it, say fran 

teO to t D T, then we have really nultipl1ed x(t) by a square ;Julse of 

T-seccndslcog with unity anplltude arxl is sham in Fig. 6. 
" 

'!be finite Fourier Transform used in DlgJ..tal Calputers or 

Fourier .An~sers assumes that whatever sanple it takes is a periodic 

functicn with a period of the record length. Hc;a.rever, the transfonn will 

have errcneous 8llplltu:ies, plus side looes which can ccnceal lo.l 8IIPlltude 

s1f}:1als if the s8llple 'wind~' was not situated over the· actual beginning 
( . 

and en! of the periodic function. In other words the inpJt signal x(t) 

shoold be periodic in the sanpling window. If x(t) is not periodic in . . 
the sanpling w1rxl~, then each spectral line in Sx(f) will be SlIeared 

!lli over the spectrum. 'lbis phenooerxn is often referred to as the leakage 

eITect. 

'lbis effect can be avoided cn~ by II18Idng sure that the f\lncticn 

x(t) is periodic in the sanpling winiow. Cbviously, this cood1t1oo can 

selclcyn be satisfied. 

Let 1m take the case of a pure ~ wave to 1l1ustrate the leakage 

ert\!ct. '!he D1g1tal Fwr1er Transform of an input s1nJso1d which does 
, 

not have an integral. I'11IIiler of perioda in the 8811ple w1maw will appear 

at mere th!I1 me 1'n!quenc;y. '!he 8IIIl11tW11 of sine wave nll be reduce<1 

trail ita tNt valua. '1h1a is IShOIm in Fig. 7d. '1h1a all occ:ura becaUIIe , 

L... 
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~ Digital Fourier Transfonn thinks it is ~rat1ng on a t\J'lction that 

• 
looks as shown in Fig. 7c. 

'llie leakage effect cannot be eliminated entirely. l.Dlle~s the input 
in . 

function is periodic / the SBIIPllng w1m~. Howe~. we can reduce 

the leakage effect. am gain accurate ~l1tUde :1.'1f'ormltion at the expense 
, \ 

, . 
of less precise frequency resolution. This is accarpl1shed by different . . 

, . 
windcrw shaping'nethods. 'llie idea of wiOO~ shaping is to l!I3ke x(t) 

sC'l1el'lcM "quasi-period1c" in the sanp,ling ldn:1ow with the least possible . ". 

loss of infornaticn. AIrong these ldI'ldc=-t-shaping nethOOs "interval-centered 

Hcinn1ng" has prcved IIlJSt p<lIX.llar. 

Interval centered. Hanning m:xl1f1es' the effective shape of the 

tine wirxiow by nultiplylng the rectangular winlow by the function 

'\]/2 - 1/2 'cos (2 i t/l') J. 'llie effective wirrlow ~ takes on the sha;:>e 

of this ~ction. 'lbe rec~ wirrlc=-t. the ~ wirrlColi anJ. 
~ ~ 

the resultmg nultipl1ed w1Jl:ic=-t are shoWn in Fig. 8. 'l'hEi effective window 
. 

eliminates d1sc~t1ruJ.1t1es at the ends of the 3BIIPling w1.l'xbI record and 

reduce~ the :U;akage effect. A f\.InctiCXl can be 1nterval-centered Hamed 

repeatedly to I?l'!t accurate results. 

I PULSE 
GENERATOR 

" '<).1 SYSTEI< 

• 

x(t) 1a the input pulse to the ayatem and yet) is the traMient response . . , 

or the system. 

x(t) 

If x(t) 1a the D1rao-delta f\nct1cn 1ih1ch is de!1ned 83: 

-/(t~ _- f 0 tbr t " 0 
eo fbi' t·. 0 

ll(t) cit • 1 ) -- ., 

, 
v 
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then the response Y(t}- is called the unit inpulse respcr.se. 'lh! Transfer 

P..mction G(w) of tre system is ootained by tMing the"FoW'ier Transforn:s 

-..?f output ;:lIid input. If 3y ("") is the Fourier Tr=fona of' ~ut and 

- Sx(<z» is tre Fourier Trar.sform of input, 

Transfer Function G(~) = S (Iol) --...r-._ 
s (w) x 

" 

when input :r.(t) is uhlt 1rr.Julse S ("') a 1 x 
Transfer FUnction G( )~= S (w) c S (~) 

~ y ~ y 
~ , 

1 

Thus, when input siE7lli'is unit iIrp',llse the Fourier T:-ansfonn of the 

transient respoose of the system itself 1s Tra"ls!'er F\.Jr.ction of ttl<! 
, -

system. This 1s because the spectru:n of the unit iIllJulse is, ccnsta."lt ,. ! ~ 

over th~ whole range of frequencies ~p to :Ulf1n1ty 'as 111t:5tratea. in Fit;. 9. 

Ho,rever, the unit 1lo/ulse 1s not physically reali=<lble in practical 

pulse testing of systems. It 1s p03s1ble to t;ererate cc.l...v a puJ.ze \Jhicll 

has certain tire deviat1cn (T) LIJ1d r.L!asura:>le a:'\ll1twe (A). r.encc, ttl! 

Fcurier Transfort:: of such a puls~ is no mc...~ a ca-.stant; inStead it is , 
a function of the p~a'll!ters A and T. Tne effect of these parnreters 

will be discussed leter in this chapter. 

11.11 TRANSFER FU'lCITW OF A LINEAR SrnGIE lliGEE ffi::ElXH SYSIEl-l 

'lh! 1"eSpcnse of a single degree [reedc:i:1 system tea lmlt 

fntlulse 1s giVen by: 

'1 ->.t ~ 
,yet) • { 2 e ,$ 1J)"".1.00U . t 

'~ 1-D 
0- ~. 

, 

., 
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~ - lJJ)n 

Jl. - danped na.tu.-a.l frequency =W P n 

yet) is the respo:-.sc to a unit ilrflulse. Then, the Fourier Transfornl of 

yet) gives the Transfer FUnct10n of the system. 
00 

Transfer fUr.ct~oo = J yet) e-jwt dt 

o 
GO 

JJ f -0. e-"t .sin..a.t.e-Jwt dt 
o K 

Int;egr:ating and separating real and LTagino;ry part:; of the 

Transfer functioo, the real reeeptance G(w) 

1 ..d()(l+.n?·-rJ) (4.1) 
G(v) ,,- .,. ".1. 2 'J .j!- 2 2 

K ...\ + :2..l\ {W +..n.. ~) + ( - .Do ) 

Ccr:putino; the value of G(w) for a range of W "";ith a set of parar.eters 

.n.. k am. >.. ~sult1ng transform is as sliO\m in FIg. 10. The real 

part of the tronsfer fI.i:1ct100 expressed :Jy Equation 4.1 was obtained by 

conputing the Infinite Fourier transform (IFr) wIth l!rr.1ts 0 to 00 • 

'lbe transform is contlrulous over the whole rail£')') of freqUencies up to 

infinity. 
; 

While using Dis1tal Fourier Tran5form only :l finite record 

length of the respcnse is taken. san;>1ed and analysed. The effects of 

varying the santlilng pa.ratieters are SCfll!tines very sign1ficnnt. 'i'hesc 

effects are proved ,to be lIOl'e sif1llflcant in analysln;; transil'.nt :o;l;pals. 
,-

'lb!se liere analysed with regard to the l1near s1ngle degree freedorll. 

syl\tem subject to an lDpulse. The follo.tinz; ccuc1:JSions aru drrom. 

Sanp1.1ng rate: Accord1ng to the Shannal's SalTpl.1n6 theorem. the 5t."q)ling 

" 
~ F should at least be twice the ~st frequency ca:poocnt in s 

the~. This is. hoteve~. true ~ vlth. ~ ~ hanlXn1c 

\.J 
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canpcnents of cooi.itant anpUtude in \'/hich case a sanpl1ng frequency 

slig1ltly more than· twi~ toe higOest .frequency cootent is enougjl if 

sanples a.."'e taken over a sufficient length of tine. But with transient 

response of single or Irulti-degree linear- systems, the amplitudes of the 

natural vibration decreases over the tine. In other words, the transient 

response is a superposition of all the mode3 of vibrations. For the 

transient responze'to be exactly defined at· least ten S'l/iP1es per pericxf 

of the highest harmalic 'should be taken. The lari;er the nul!ber of, srorplE's 

per pericxl the ~etter is the accuracy of the results. This CdIl be 

interpreted a3 the sampling frequency. sh::x.Ud be, at leaz't ten tir:es the 

highest natural frequ~ncy of the system. 

4.4.2 Total Record T1rre T 

This is 1;1.. very lnportant pa.raIYeter ~ transient respcnse data 

analy$. The foll()'.o/ing problem will be encountered with the va.:'i:s!Jle T; 

1. When a Fourier Transfonn' is taken for a finite record \, 

length .T, the result \·/ill be a Fourier Series and the 

spectnun is dlscret,e with finite frequency res~ticn. 

'lb! frequency resolutioo Af· 1/1'. The spectral line:; , 

exist ooly at frequences At:,., 2 0 f, 3 or, ... N/2' J1 r 
" 

where N is the total I'l1.l!Iber of sarq>le points O'Jer tine T. 

Tm.1!I1n1m.zm requircnent for the value of T 1li, it should 

be. greater than the period of the loIest frCQuency ccqlOIJer,t • 

of -the uyatem. 

,2. Ih case of systems having sharper resonances' mrl la .. ~ 

, danp1ng factors; the receptance curve h3S sharper p->..aks 

at res<I'ISlt 1'r'equerlc1es. bf is essentially to be small " 
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2. (ccnt1rrued) 

enWl?F not to miss the receptance peaks in the coIlpUtatioo.· 

When d f is large and the resonant frequencies are not 

integral. nultiples of df. the resulting receptan.ce curve 
, 'l. . 

will be distorted. An eXllllPle of this effect is shown 

in Fig. 11. 

3. '!he Inflnite Foorier 'i'ra!\sfonn is given by: 
A> ' 

_ SX(IU) ,- f x(t) e -JNt dt . 
o 

(11.2) 

The Finite FouMer Transfonn is defined by: 
~ . 

S (c.o) • ! J x(t) e -jilt dt x. T . 
o -

In f1n1te Four-ier Transform l1m1ting the ooservation tine 'to ',~ 

T s~orrls is equivalent of trunca~ the integral (11.2). 'lhls dl~J.y 

neans an error in the Finite F&rier TranSform which has to be est1nated. 

'!he anomt of error deperrls 00 the type of ~ to Qe analysed. 'lhls 

fact is illustrated in the fo11~ discussioo. 
- .. 

'lb:: Discrete Fourier Transform assures that the dlserved fUnction 

x(t) recorded up to T seconds repeats itself with period T for infinite 

.. tine. If x(t) is a stat1mar:r sieJlal. the .spectNIII cCmp,.ted by taking 
. , 

my portion of the ,s~ will be ldentical. With stat10nary randooI 

s~ the ert'ect of vary~ tb;l total t1ml T, is ~f1cant. An 

e%.llllPle is 1liustrated in Fig. 12. , 
'!be s1tuatioo is quite d1rn::reut with trans1ent a1pl.s. For 

, , 

extlJil]e. consider ~ respcnse or a l.1near a1ngle degree freedan system 

x{t) _Ae-~t s1nA# 
i -

x{t) is product or an ~lt:ilt1B]]y deeay1ng n,mctlcn am a s~ waw 

" of c1n:ular t'requencJ.n.. ' x(t) 18 a ~nn:t1C1l and de~ down 
, /. 

, to f!eI'O aaynstotica1ly. 'ib1a 18 a t1De ~ haraad.Cl'a~ and tm 
t " , -. . 

\ 

• 
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exact spectrum can be obtained only with Infinite Transt'=. Cbviously 

this is not possible with practical measurements and only. the Finite 

Transform may be used 'to canpute the SpectIUll. This ,inplies an error 

due to. the truncation of the infinite integral after time T. 

The DF!' assUJreS that the recarct up to T secoo:is repeats itself " 

up to infinity. An exall'ple of DFT assumed transient sigJlal is shCYIn1 in 

Fig. 12 d. It can be easily observed that the OFT ~sUllEd f\nction over 

irifinite tiJle is different from the true function and the OFT coopute:.l. 

spectl'Wll vlill not be the exact spectrum. 

'!be 81rDunt 'of error ~dth OFT spectrum my be explained as , , , 

fo11o.'1s. let us take the inpulse response shO'IIJ1 in Fi6. 12c. 

x(t) = A e- ->I t sin.At 

'Ihe exact spectrum rs calculate:.l. with Infinite l<'ourier Transform ( 
t'P 

~Ff(!o») .= fA c- ..\ j; sin.1l-~ e-~-6It dt 
o 

'!lie spectru.':l by DFT is r;1 ven bY: 
i" " 

Sr;:;-f(to) c 1 A e- >. t sin.a.~· e-~Irt dt 
. 0 

• 

, 
. The value of the integral from T to inf1n~ty is truncated.' The 

. ) 
differer.ce bct','/ecn the IFf .-Spectrum and the OFf Spectrum is tt)e error in 

tre OFT Spectrum. This' correction shapd be Bl'Plled to', the DFT ~i;rur.r 

to set the exact value of the receptance. This correction 15 related 

as foll(1.'lS: 

, . - ~ , '. J Pe- >. t Gin.ll.t e-jwt dt - f A/!- ..\.t S1n.n.te-~:; c;t 
0, " , ,T , " 

'!be transient respc.ose 15 a ccnt1I:JUou3 i'.1Ilctlon up to infinity 
" 

mtfhencc the secord 1ntc~' ean be written as: . 1::....... _ 

, ~ = J:-. >. t sillJl. t c-Jwt dt - f A-r 
. 0 

1 
I 
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JOo Ac - A t sin..at e -j..,t; d~ 
o 

'" [ A ] ~Fl'(w) 
A-P.r. 

'Ihis equation relates_l;he DFl' to IFr. The exact spectl'U!ll is . . 
obtained by nultiplying the lli7l' Spectrum by the corre'?t}on factor U.lA.-Ar). 

It can be seen that DFf cooverges to IFl' as' P.r approaches zero. Hence. 
~. ~. 

the sarrples should be taken until the respoosearrpl1tlrlebecCIIes negllgl::>1e 

CO!q)~ to the initial ar.pl1tude. 

The influence ~f the finite cbservatien tine am. the I'UIIlt>er of 
~ '. 

samples per periDl, over the curcll.ative error in frequency response is . . 
~Iell illustratt.>j by Opitz and I'leek 6. The error is related to a Standardized . . 
(l)servation tilre which is the prcduct the total tine T,? the natural 

frequency of the system fo and dl:illlPinb factOI.' D. Sir.ultsneously. the 

dependancy of the error en the nurdler of digitized points per period is 

also taken 1nt~ account. ~ resllllts ~ ~~a1ned Sy <;Pitz and Week [6) 
, . 

are shcI<.n in Fig. 13. It can' be seen that the larger the n~r of 

digitized points per period and the lOnger the standardized cbservatiC'l 

tine. the smaller is the relative error. 

4.5 FOURIER TlW~SFOrw CF A RECTA.\'GtJI.M PlJI.SE 

''Ire X'Cc~ pulse is def1red by 

x(t} .' ~- O<t< T1 
. 0 otherwise . 

Taking Fo.arier Transfonn Sew) 

..... . 

)((t) 

A 

o 

.' 
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"" 
S(w) c jI'x(t) e-jwt dt 

o 1; 

a J Ae -jwt (it 
o ' 

Integrat1n6 and sep<'.rat1ng Real and Irrag1nary parts 

S(w) Real : ATl sin \iI':;._ = ATl ~1ne(\Il'l) 

wTl ' 

S(w) Imaginary c A'I'1 1- cos WI'1 

w Tl 

S(w) (or) PaMer Speetrum c AT' 
1 sirl (wT, /2) 

w T1 12 

c: ATl I ,sine (wTl/2) , 
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. ( 4.3) 

The Real. ~j and thepo;oier spc::trum grephs are ;>ham in Fig. 14. 

4.6 ANALYSIS OF VARIABIES CF Pl1l.S!:: 

'lb! variabl:s of the in;mt pulse are: 

1. Shape of the pulse 
.) 

2. Aiq,lltudc of the palse (~e tri£tit) ~ 

3. Im-ation of the pulse 

The effects of these var1al>les are studied to pred1ct their 

apprcpr1ate values to suit different- systems to be tested. The Fourier 

Transfonn of'a rectan@llar pulse b-sha.n in Fig. 14. The Variables will 

be discussed, n-an the point of view of the requ1renents of the inpUt pulse 

such that the resulting Tr3nsfer l'\inctioo is rellable. . . .... 
4.6.t Requiretrents of the Inout Pulse 

. 
~~Ut.'nCY speetl'\.Cl of a re~ pulse is sha'm in 

Fig. 14e. The spectrum coo:;ists of a senter lobe ani side ld>es. The 

anplltude of the spectNm is Il8X1mm1 at' zero frequency mel then'droq:lS 
~ 

, " 

,dofn. Spectrun: is zero for the 1"1rst tbI: at ,a l):cquency given \i>' l/l'l ..mere 

T! is the duration or the ~~ 

, , 

" " ,. 
.... ; . 

.. 

, ,. 



) 

, 

~ accura1y of deterrn1n1ng the 'Transfer function from a5~ock 
response of a system ~ds en the variables ~f the 'pulse determining 

its spectru:n. In general) a very reliable Transfer function nay be 

obta1n~ if the, variables of the input pulse are chosen to satisfy the 

follcwlng conditions. 

1. ,The frequency content of the pul:3c is able to excite 
, I, 
all the frequencies up to the higTlcst frequency- of 

interest with sufficient naoutude. 

2. Tre ioag}11tude of the spec trum should not be very, hif;h 

so as ,to ,drive the system to saturation or to anplify 

any ncn-linearitles. 

3. Tre highest frequency of interest falls within tm 

frequency of occurence of the first zero of the spcctruln. 
, 

More p."'ec!sely, the, results will be veI"'J accurate if all 

the frequencies of interest are in the flat portlcn of 

.the centre lobe. • 

Sooe ~cnclusia1S about the resulting spectrum can be made fi'or.I the 

pulse spectru:n equaticn (4:3). HitV1 pulse heirj1t results in large 

speotnrin rnQ1itud~/Lcng pulse does not contain c~ po\ier to 

excite his:er frequences. Short pulse results in d~creased rragnltude at 

all frcq~cics, unless the helfjltis increased excessively. Tre shape 

or the pulse could be rectangular, I-:alf sine, trlangul3r etc. 
, \ ' 

11.7 SN-IPLING PRJ3ID\S \m'"ri PULSE 

'1he 1r;lut pulse sip;ul1exlsts for cnly a very aOOrt ~ as 

~ to the transient respcnse. , TOO nunter or S3q)le:s taken vith1n 

( ~ 
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the duration of tl12 pulse should ,describe tre exact sl'iape of the pulse. 

The finite record ler~~h T secc,ds does not introduce any 

erro!' in the result1:1b trcnsfonr.; since only a very short time is needed 

to accorrojate t!1:= pulse width. In practice 'the finite ti .. re T presents 

little diffi::uly, since'!' chOSen to r;1v~ a rerism<lblc f'rcqueney 

resoluticn is all'laYS blXater than the duration of the ,pulse. 

It was e;:pla1ned in par2gl'aph ( 4.1) that the sa'fP~ 

rate F s should be at least 10 'tirres the r.axinum frequency cootent 

of the transient vibration sif:7lal. HCJ,o/eve'r tre 5a'llpl.ing rate F is s 

choSen llUinly with respect to digitiz1..'1g the force pulse. In practice 

tIX: force pulse as a fun-::t~m of tm is very 'clooe to a half sine 

~;ave. The F=l€:r Transfonn of su'c'1 a force signal bcc~s zero 

l' c!. ~Ihere l' is tnt) duration of the p..u."e. 'ffiis siV-.al is good for 
, l' 

ootairl.Uli' frequency respoose in a ranee up to a!:lcut 

F 2 1 
Ina>: .. 3' 1-

where F
rrax 

1s thehibr.cst s1gnIficant natural frequency of 

the system. By '!'.eans of the express10n (1l.Il) the ~uired l'is (ic"e!-:-'~I':'(i 

Chce the value of l' is chosen it is obvious that for a good represen~atlm 

of the force sif'1l.8l the s~llng interval !lUSt be several tires shorter 
'-

'than 7'. This sarrpllng inteI"'lal At should ~ \:h~en at lec:;ot to &lve 
, 

4 saIIl>les to represent the pulse. ,In other words i1t 1s c.'1osen as 

F1gurc 16. illustrates tt.e var1.aticn of rram1toce and phase SpectIWI of. 

a pulse wren sa;r.pled at sar.pllng rates to give fran 6 saJIIlles to 2 

aaq>les within the duraticn of the pulse. It can be seen that the 
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difference in magnitude spectrums is not very silJl1f1cant. HCMever 

the Transfer F\mcticns crnPuted in the 3 cases would be widely varying 

due to t.'1e Iarge di fference in phase spectrums. 

• 

\ 

~. \ 

'> ". 
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CHAPTER V 

APPLICATION OF SHOCK EXCITATION FOR DETE~UNING 

THE DYNAMIC CHARACTERISTICS OF MACHINE TOOLS 

V.i. ,Experimental Setup: 

• 
The experimental setup was designed to investigate 

the relative stability of ? lathe in various configurations 

and as well as for comparing the shock excitation technique , 
with harmonic excitation in determining the receptances 

, ' 

and mode shape of the machine tool. The experimental set-

up primarily consists of an annular plate clamped 'to the 

cross-slide of the lathe which makes it possible to clamp 

the tool in different orientations. Fig. 11 is a photo" 

graph of such a tool and plate/attached to the lathe under 

investigation. Fig. 18 indicates the seven 

the tool (~rectiona~ orientatio~s) anJ the 

positions of 

three config-

urations of the workpiece in which tests wer~ done. The .. :;-.:\ 

measurement of every receptancevas done by both harmonic 

and shock techniques. one followed by another. to'make 

aure that the'test conditions were identical. 

In the case of harmonic excitation method. the 

excitation force vaa,generated by 'an electromagnetic , " 

> 

exciter. The exciting force vaa measured by means of 

Ball Probes glued to the poles and ,sensing the' magnetic 

54 
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flux. ~ Bruel and Kjaar sweep oscillator with a home-

built solid state amplifier with"a feedback loop from the 

Hall Probes was used to give a constant excitation force 

over the range of te~ting frequencies. The relative vib

ration between workpiece and the tool due to the relative" 

electromagnetic force between workpiece and tool was 

measured using Wayne Kerr capacitive probe and the capa-

citance bridge. Both the electromagnet EM and the vib-

ra~ion "probe VP were attached toa rigid bracket clamped 

rigidly to the" annular plate ~P" insteal, of ~e tool (See 

Fig. 19). Because only the real part of the receptance, 

was required, the method suggested by J. Vanek (See Fig. 

20) was made use of to avoid the complex instrumentations 

like transfer function analyser, etc. for processing the 

force and vibration signals. 

-DOUBLE MODULATION- and uses 

This method \is known as 

a strain ga~e vibratrdn 
~ , ,I 

pickup fed by the force signal. Double modulation using 

strain gauge brid~is essentially a multiplication 

operation of force and vibration signal to separate the 

real receptance. Further details of this technique can 

be seen in Reference (tl). in our case, as no strain 

gauge pickup was used, the ~ouble modulation principle 

was configured using an analog multiplier vhic~ was a 

part of a standard analog computer. The coaaplete 

instrumentation in harmonic technique is shawn in pboto-



graph (see Fig. 21) •. Top left is seen the analog 

computer, below it an X-Y plotter, to the right the. . . 
amplifier for the exciter and Wayne Kerr bridge, and at 

the bottom ,the sweep oscillator. Furthe~ details of 
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harmonic excitation method can be seen in Reference (11). 

In the case of shock e'xcitation, the input is a 
J ' 

force impulse of a very short duration (1 ms~c to 2 msec) 

and the output is the transient vibration. A hammer was 

usef to generate the impulse force and the relative 

transient'vibration was measured with the same Wayne,Kerr 

capacitive pickup and the bridge used for Harmonic 

excitation. The shock excitation technique is illustrated 

in Fig. 22. Th~ relative receptance b~tween tool - work

piece is obtained from the relative vibration signal and 
./ 

the relative force signal •. The force/applied with a 

hammer is absolute and the measured vibration'is relative 
p . 

while we are looking for relative vibration_between tool 
- . 

and workpiece as a result of force acting between tool 

and workpiece. This is achieved by summing up the relative 

receptances obtained separately from signals of impact on 

wor~piece and tool in opposing directions. In Fig. 23.a. 

the impact is applied on the tool bracket and Fig; 23.b. 

on the workpiece in the opposite direction. 

5.2 FORCE SIGNAL 

'l'he impact forco is pXoduced by t\itting th~ 

atructure with a hammer. 'l'he aJIIOunt o~ impact force 
\ 

, 

.!~ , . 
, .. 



• 

, 
" 

applied was'measured by inserting a crystal type impact 

transducer between the, structure and the hammer. The 

transduc;:er used is a self-generating piezoelectric '-.. 

crystal t.ransducer having extreme rigidity and wide 

dynamic range, 0 - 10KHZ. In response to the impact 
, " 

force, the piezoelectric transducer generates a negative 
, , 
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charge. This charge'signal is ,fed into' a Kistler Charge 

Amplifier (type 5001). This amplifier has a very high 

input impedence with, capacitive negative feedback 
\ 

intended to convert the electric charge into a proportional 

voltage on the low impedenc~out~ut. Fig. 24 shows the 

sctti~s on the ,charge runplifier ,and the flow diagram of 
• 

force measurement is shown in Fig.,2S. 
I 

, , 
'Fig. 24 shows the front and the back control 

panels of the charge amplifier. The following are the 

steps to set the charge amplifier. 

1. connect the imllact, transducer to the input 

terminal of the charge ampl~fier. 
, ' 

2. Set the OPERATE/RESET/REMOTE toggle switch 

to O~ERATE position. ' 
, \ 

3. Calibration factor setting adjusts\the 

ampliler to the sensitivity of the connected transducer. 

";he adjustment is two-fold. 

On the 10 turn potentiometer ·TRANS-S~NS· 

only the numerical ord~r of the transducer sensitivity 

, 

I' 
(' 

\ 1: ' 

I 

I 
,! 

I 
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/ 

is set regardless of the decimal point. For example, the 

transducer sen!;!itivity of 17.5 PC/lb the switch is set at 

1-75. 

The -TRANS-SENS-RANGE- switch is us'ed to set 

the decade of the transduce~ sensitivity, in the above 
. -.-c~ 

example, forthe"-"transducer sensitivity of 17.5 PC/lb, 

the qecade 10-100 must be set. 

These two se~tings !=al'ibrate the charqe 

amplif~er output voltage ,to .the input force. Force in 

Ibs. is now directly related to the output voltage by 

the scale set oh the -Range Mech. Units/Volt- switch. 

Range switch selects the appropriate range capacitor. 

This is a l2-position switch by which the output voltage 

can be adjusted in steps to inatch the input voltage re

quirements of the signal processing equipme~t. The force 

is calibrated by the Range Switch setting in J.l)s/volt. 

The charge amplifier output terminal is on the bac~ panel. 

5.3 VIBRATION SIGNAL 

The vibration is measured as the relative dis-

placement between the tool and workpiece by means of the 

Wayne Kerr capacitive probe fixed to the rigid bracket,as 
ct' 
shown in ,Fi~ •. 19. The probe with the Wayne JCerr vibration 

meter type 31B ~nable measurement of distance or vibration 

amplitudes eanginqsO, micro inches to 100 thouaanda of art 

inch over the frequency ranqe 0 to 10 IalZ. '!be probe., 
,', 



vibration meter, and the low noise connecting cables are 

shown in Fig. 26. 

The vibration meter consists of a power supply, 

an oscillator and two meter circuits. The probe face is 
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set against the test structure with appropriate gap between 

the probe face and the structure. The princ,iple of operation 
" 

is illustrated in Fig. 27. The input reference signal il 

to a high gain amplifier is the current passed by a stan-

dard capacitor Ca connected in the circuit of a stable ~ 

50 KHZ oscillator. A current i 2, dependent upon the 

amplifier output voltage Vo is fed back to the input 

through the capacitance C between the structure under-, u 

test and the probe. The capacitance Ca is chosen to be 

COIIIparable with the capacitance Cu and the gain of the 

amplifier is made very high. Under these conditions, 

the amplifier output voltage is inversely proportional to 

the capacitance between the' test structure and the probe, 

I and the amplifier output is there~ore directly propor

tional to the separation. between the test structure and 

tile probe face. Thus, the 50 XlIZ, output from th'e' high 

gain amplifier has a mean amplitude determined by the 

mean distance between the test atructw::e and the probe 

mid a modula'Uon ampli tude dependent upon the peak to 

peak vibration of the test stX'lJcture. "nIo _ters are 
, " 

provided to indicate th~ distance and amplitude of 



> 

vibration. For output 'to signal analyser, the modulated 
p • , 

50 KIIZ signal is fed through a low-pass filter, the out-

put of which is the ~,i.gnal proportional to the, amplit'ude 

of vibration of the test structure. 
,. 

5.4 CALIBRATION OF VIBRATION SIGNAL 

The procedure_for setting up the probe and the 

operating instructions for the vibration'meter are given 

in Appendix (see -Setting Up 'The Probe-). The vibration 
" 

meter can measure distance and vibration amplitude from - . ""', 

50 micro inches to 100 thousands of an inch. A set of 
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5 probes are provided· to .measure full scale ranges 1 

thousands to 100 thousands of an inch. The specifications 

of the probes are given'in Fig. 28. 
, 

5.4.1 cali~ration of Dis~.ce M~ter. and Vibration Heter. 

When the probe Hel (full range 10 thou.)' is used; , . 
"-the distance and vibration meters are direct reading in d .. -, 

\housands of an inch on the' upper scale. 
• 

When the 
, . .) -

. instrument is used with other probes, ttte meter readings 

must· be multiJ>lied by the following factors. to obtain ,the 

reading,-::in thousands of an inch. 

~H1\1 llio 

: Probe MDl ~1/2 

Probe Hel direct reading 

'Probe MDI -5 
r 

iI, , 

Probe HEI 10 

,.... 



5.~.2 Output Voltage Calibration 

~utPut to signal analyser is taken from the 

• RECORDER DISTANCE' socket provided on the instrument, 

rear panel. This output is connected to the analyser 

through a low pass filter. 
I 

Adispl~cement equivalent 
( \ 

to the full range of a probe gives an output of 1 Volt. 

For example, a probe of 10 thou. full range would~ive 

an output of 100 mvolt per 1 thou. displacement. When 

the instrument is used with other probes, the following 

calibration factors should.be applied. 

Probe MAl 

Probe MBl 

Probe MCl 

Probe HDl 
, 

'-.-/ Probe MEl 

, 

1 volt/l thou. 

200 mvolt/l 

100 mvolt/l 

. 20 mvolt/l 

10 mv01t/1 

, , 

thou. 

thou. 

thou • 

thou. 

61 
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5.4 SIGNAL PROCESSING EQUIPMENT 

The shock force and the resulting transient 

vibration signals are analysed in order to obtain the 

transfer function using the Fourier Transform Technique. 

The use of this technique to obtain the frequency res

ponse of systems is explained in chapter IV. The signal 

analysis consists mai~ly of computation of Fourier 

Transform of force and vibration signals. This is very 
-r' .... 

conveniently carried out dig'itally using Fast" Fouri'er . 

Transform algorithum. The force and vibration signals 

are digitized at regular intervals of time and the 

digitized data is fed to the digital processor. In 
-0 

our instance, the liP 545lA Fourier Analyser system was 

,c. 

used for on-line receptance measurement. ,This~nstrument 

can digitize any input that varies with time and perform 

the 

The 

does 

, . 
FoUritr ~ransform to show the, frequency ~omponents., 

lW Analyser performs analysis of time and frequency 

containing frequencies from dc to ~5 KHZ., This 

digitally, which m~ans it"i~ ~ore accUrate and 
, 

rare flexible than analog machines such as the spectrum 

lanalyser and wave analyser. The IW system consists of 

a basic minicomputer (HP 2100A) plus standard input/ 

output per1pherals. The main feature of HP system is 

a keyboard on which the user can punch keys for a 

variety of mathematical functions to~,perfo~ on 

", 

• 

" 
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the frequency data. No knowledge of computer progr~ing 

is required to operate the Fourier Analyser; all opcrations 

are controlled through thc keyboard. The 2100A can also 

be used as a stand-alone computer by sctting a sHitch 

on the keyboard. 

5.5 lIP 54511\ FOURIER ANALYSER SYSTEI! DESCRIPTION 

'rhe . Fourier Analyser system ·consists of a basic 

system plus a number of customer-choscn options. In 

our instancc, 'systen consists of a lIP 2100A computcr with 

16K mc.T,ory plus the follm-:ing periphera~s. 
,I· 

nodel 115J,.-1801\R oscilloscope 

Model 274131\ punched tape"photoreader 

}Iodel 

Hodel 

2752i .. ~cleprinter 
. -:1' 

5465A'Analog to DiCfital 

Modcl 54751\ cor.trol unit 

. 
Convcrtcr 

The computer and the options are shO\"n in Fig .n.ll. 

All thc' above options arc interfaced with 

computer. Thc flow diagram of the system is shown in 

Pig. 29. 

IIP2100A Cor.muter: This is a compact data processor 

featurin~ a powerful extended ins~ruction set, plug-in 

interfaces, and modular softwarc •. -This has as standard 

features memory ~Drity generation and checkinq, memory 

input/output protect for executive systems, extended 
\ 



arithmetic capability ant power 
C\,~, J 

automatic restart~ includes 
, , 

fail' interrup~ wi~ 
an optional 

Direct Memory Access (DMA). Interfacing of 

fe~ture of 

peripheral 
t.. I' 

devic~ is accomplished by plug-in interface c~s. ~, 

The operating push buttons on the front panel of the 

computer are shown in Fig. 30. 

Hewlett-Packard Software: Software for the 2100A 
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computer includes four high-level programming languages: ( 

HP FORTRAN, HP FORTRAN IV, HP ALGOL, and lIP BASIC, 

plus an efficient, eX±ended assembler which is accessiQle 
( 

through FORTRAN and ALGOL. 
~ 

Utility software includes 

a debugging routine, a symbolic editor~ and a library 

of'cocmonly used computational procedures such as Boolean, 

trigonometric, apd plotting functions, real/integer 

conversions, natural log, square root, etc. The master 

Fourier p~ram software is supplied by H~IQtt-Packard. 

5.6 ~iLETT-PACKARD MODEL 5465A ANALOG-TO-DIGITAL 
J 

CONVERTER' (ADC) 

The ADC sanlples the continuous analog input. 
'j 

Each sample becomes a digital word and stored in the 

computer memory for processing. S,ingle or dual channel 

input may be selected. In the dual channel input mode,' 

both channels Al;'e sampled siinul taneously which is a 
". 

must for cross operations such as ,transfec function, 

cross spectrum and cqherance function. The pontrol 

switches on the ACe areabown in'Fig. 3l~ 

-
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Sample Controls: The sample controls select the sampling 

parameters. ·Two sample modes are provide"d - setting a 

maximum frequency and time between samples, or alternatively, 

setting frequency resolution and total record length .• 

The parameters are. selected by SA11PLE MODE Switch an.d 

HULTIPLIER Switch. Frequencies up to 25 KHZ single 

channel and. 10 KHZ dual channel may be analysed. Sampling 

may be controlled by an external clock by the clock input 
, 

through the terminal 'EXT CLOCK'. The UNCAL l~ lights 

when the sampling parameters settings" are not valid. 

, Input Siqnal Controls: Single or dual cha~nel inputs 

are selec'table. Full scale input voltages are select~ble 

from + 0.1 volt to + 10 volts with input attenuators on 

both channels. The two input channels are called INP.tJT 

A and Th'PUT B. The OVERLOAD VOLTAGE Light indicates ~ 

when the selected full scale range has been exceeded. . " 

Coupling Day be AC or DC on both inputs by setting the 

AC/DC selector switches. 

Triggering: Four modes of triggering are available: 

L 

LINE, ln which triggering occurs at the power line 

frequency; 'INTERNAL, where triqg/fring occurs on the 

rise or fall of the input waveform itself .th;ough 

channel\A; FREE RUN, in which triggering oC,curs as fast 

as the digital 'processor -can-accept data, and EXTERNAL, 

where trigger~~g is caused bY some external signal 

{ 

\ 
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connected through the terminal 'EXT TRIGGER'~ In our 
, 

case, the force pulse signal connected to.INPUT A was 

used for triggering either on INTERNA (A) or on 'EXT' 
, 

source. The triggering Ciln be arranged either on positive 

slope (increasing side) or on negative slope (decreasing \ 

side) by setting the SLOPE select switch POS/tillG. The 

voltage level at which trigger occurs is set by the 

TRIGGER LEVEL switch. " This level is normally set at 

approximat;cly 0 volts. 

Display Input: The DISPLAY INPUT Switch works in 

conjunction with REPEAT-SINGLE Switch on the keyboard. 

The PISPLAY INPUT Switch is set on A/A for single channel 
I 

operation through INPUT A; ADUAL for dual channel , 

operation with Input A displayed automatically and B 

DUAL for. automatic display of INPUT B in REPEAT mode. 

5.7 Iffii~ETT-PACKARD MQDEL 5475A KEYBOARD SYSTEM 

Keyboard is the main feature of the iW Fourier 

Analyser. This controls Analyser operations by simple 

functional keystrokes. Each key performs a basic 

operation or series of operations such ,as Fourier 

Transform. Correlation. Complex Multiply. coherence 

function, calculation. data handling. analog input. or 

punch output. Typical measurement functions such as 

power spectra. transfer function. or other measurement 

routines are built up f~ a few simple keystrokes. 

{! 

,. 
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For example, if a time signal is Fourier Transformed 

and complex multiplied with itsel~, the auto power 

spectrum results. A series of keystrokes can be combined 
" 

into an automatic measurement routine to be executed_by 

a single keystroke. This ability is essential in 

repetitive operations such as averaging where a given 

sequence is to be carried out a number of times. The 

keyboard is shown in Fig;. 32.a. The keys are· grouped 

into major functional groups. 

Data Input/Output~ These keys are us~d to enter data 

. from the ADC (buffered or unbuffered),photor~ader,' 

~eyboard (for manual data entry), or mass storage device. 

Data output to the teletype, punch, or mass storage 

device is controlled by a keystroke. 

Data Manipulation: Co-ordinate systems may be changed, 

data moved between blocks, nANNING performed, and data 

channels cleared with this set of keys • 

. ~~asurements: These keys provide measurements of the 

following functions: Fourier Transform, Histograms, 

Transfer and Coherance functions, power spectra, 

correlations and convolutions, complex measurements 

are made with simple keystrokes. 

Arithmetic: The arithmetic keys control complex block 

arithmetic such as addition, subtraction, multiplication, 
. r 

division, combiex conjugate multiplication, and block 
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rotation. Scalar multiplication and divisions are also 

poss ible. .c," 

Proqrar.tming: Keystrokes may be grouped into an auto-. . 

ma tic routine by us ing these keys. Count loops. 

conditional and unconditional skips. and subroutines 

provide powerful capability for automatic operations. 

Up to 200 steps. where each step is a particular key 

stroke. may be stored in the Analyser. 

Editing: Six editing keys provide an on-line resident 

editor so that a programmed sequence of steps m~y be 

changed on-line without the need to do off-lin" editing. 

compiling and testing. 

Other Keys: The remainder of the keys provide for 

changing the block size. stopping and starting a key

board routine. linking user-written software.~displaying 

the data blocks. and, switching from the Fourier to 

general purpose computer roode. 

5.8 llEliLETT-PACKJ\RD 5460A DISPLAY UNIT 

The 5460r.. Display Unit and. l80AR Oscilloscope ) 

combine to display results of all computations •. Digital 

operations aSSure maximum accuracy. A plotter output 

connector provides complete control for the optional 

ana~~ plotter. The r~ on the display unit are 

shown:in Fig. 32.b. 

.\ , 
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S.<:'~le~:_i'ctor Dis"l<Jy.: The vertical axis· scaling is 

nigit<Jlly rlispl;:>.ycd at all tine~. Domain and co-ordinate 

infor~otion such <JS time or frequency domain, rectan~ular, 

polClr or lo,jrithmiC co-ordinate are also displayed. 

'" 
SC<Jlc S,·,i tc~: The display is always ~caled for maximUI:\ 

on-scr2en display. The SCALE s\-;itch !,ermits the y-axis 

-display to be c>:"andea or contracted. 

Hode Sw j tch: Dis"I.J.Y of. the real/:r.<:gni tudfi, i1l1aginary / 

phase spectrum or complex (HYQuIST) plot is selectable 

by the 1·:0DE s,·, itch. lillY portion of the display may be 

e):panded to fill the screen for detailed analysis. 

lIorizontu] S\-Jitche~: The horizontal axis may be controlled 

to give 10,10.24, or 12.8 cm s\-,eep, origin left, origin 

centre, log frequency axis, and inter.~ity markers e~ery c 

8th or 32nd point. This may be used to facilitate 

di~play interpretation. 

Displuy Switches:. Calibration of the oscilloscope .and 

optional plotter is checked with the Fm.CTION Switch in 

the CAL position-. Points at the origin and:: Full Scale 

(:: FS) facilitate rapid plotter scaling. The' PLOT 

position and' PLOT RJ\TE controls provide control over the 

analog plotter. POINT, BAR, or CONT (continuous) display 

offer a choice' of displiiytype for easiest interpretation. 

5.9 HEHLETT-PACl:ARD f'ODEL 2748A PHOTOREADER 

Punched tape containing data or programs is -



entered into the Fourier Analyser ,system via the photo

reader. The IW photoreader is shown in Fig. 33. This 

tape reader photo-electrically detects coded data 
. '> I," 
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,characters punched "Oil perforated tape. A uni-directional 
, .:t, .. 
~~nical-drive mechanism advances the tape through 
! I 

the 'ad head where phototransistors are used to. detect 

data. The tape reader accepts 8-track, l-inch tape. 

Reading rate is up to 500 characters per second. 

Photo reader Operatinq Controls: 

POWER Switch: Applies primary AC power to the 
.' 1) 

unit. 

LOAD Swi tch: Releases reader pinc~ roller and 

stops reader .capstan !o allow for tape' threading •. 

Feedhole signal is inhibited when switch is 

pressed. Pressing ,this switch releases the 
" 

nEAD sw itch. . 
READ. Switch: Tape advances through the unit 

when switch is pressed and read command present. .' 'r 
Pressing this switch releases,the LOAD switch. 

MANUAL ADVANCE switch: Tape is' allowed to 

advance only when ~ch,is pressed and held. 

Pressing this switch inhibits the feedhole 
I 

'. 

signal and releases both READ and LOAD IIwitches~ 

. Loading of the tape' in the tapr.reader is 

illustrated in Fig. 33. 

. \. 



~.~ 5.10 HE\~LETT-PACKARD MODEL 27s2A TELEPRINTER 

The HP 27s2A Teleprinter is made up of a type

writer, a paper tape punch, 'and a-paper tape reader. 

The unit provides a means for loading data into a 

computer or other remote device by either manually 

operating the typewriter keyboard or by reading a 

punched paper tape in the teleprinter tape reader. ~he 

unit can-also record received data by punching the data 
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Fig. 341 
(teleprinter manual) shows the teleprinter operating 

on paper tape and/or typing the data on paper. 
- . 

controls. Numbers preceding control descripti ns 

correspond to index numbers of _the va.~r~~~ 

5.11 SIGNAL ANALYSIS PROCEDURE 

iThe experimental set-up of shock testing of 
~ 

machine tool is explained ih "Experimental Set-up" 

(s.a) and the signal analysing equipment - H~lett

Packard Fourier Analyser is described in "Signal 
\ 

Processing Equipment" (s.b)._ In thi~ chapter is exp1aine. 

the step-by-step procedure of shock testing and analysis 

of shock and vibration ~i~na1s in order to obtain the 

-~fceptance of machine tools. The steps involved are 

as follows. 

1. Prcparati~n of Fouri~r Analyser 

2. Setting Ana1og-to-Digita1 convertor Controls 

. 3. Keyboard COntrols and PrograJllrlng 



, 5.12 

4. ' Application of Shock Pulse 

5. Transfer Function Program 

6. Plotting 

PREPARATIO JOF 

the 'Receptance 
\ 

FOURIER ANALYSER 

'\ 12 

'. 

,~o Analyser has beQn rack-nounted and 

all the interfacing has been properly insta~led. A 

multi-socket box is used with jl switch to plug all the 

power cords into so that the power can be turned on and 

off for the entire system by a single switch. Turn on 

the power of the cabinet and switch on all the devices 

of Fourier Analyser. The compu,ter is selected to 

operate on FOURIER ANALYSER mode by setting the switch 

provided on the keyboard. The FOURIER PROGRAM TAPE is 

supplied with the Analyser. ' The Fou'rier Program tape 

is loaded into the computer through photorcader (see 

Appendix "LOADING FOURIER PROGRAM TAPE). l«:lW the 

Analyser is ready for operation. He.reafter, all the 

operations arc controlled on the keybOard. 
, .' 

5.13 SETTING ANALOG TO DIGITAL CONVERTER CONTROLS , 
The ADC controls arc explained in the description 

of ADC (5.6). There are four sets of controls to be 

set on the ADCpanel. 
, 

1. Sampling Parameters: Values of sampling 

parameters are selected on the basis of the following 

factors • 
• 
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• 
(a) The natural frequencies of the' structure 

to be tested. 

(b) The damping of the structure. 

(c) The frequency resolution desired. 

(d) .The time duration of the shock pulse. 

The criterian for choosing the sampling parameter "_ 

values is discussed in the theory of pulse testing 

{Chapter rv). The, sel cted sampling parameters are set 

on ADC using the two ntrol switches 1) SAMPLE"MODE 

2) ~\uLTIPLIER. The of setting these two switches 

is explained in tab (1) • 

2. Triqqer Controls: The pulse and vibration 
. } 

signals arc digitized simultaneously. The digitizin<;l 

is initiated by the pulse sianal and it is essential to 

sec that. the diqitizing starts as soo!, ,as the pulse is 

applied. In our instance, the co'ntrols are set as follO\~s: 

, and EXT. 

set the TRIGGER SOURCE !Iwi tch to EXT. 

s~t the AC/oC switch to AC 

set the TRIGGER LEVEL approximately to zero position 

The pulse signal is cor1f1ectcd to both channel A 

3. Input Attenuators: These atten,uators for 

channel A and channel B are set according to the expected 

input voltages on channel A and on channel B. The , 
maxiJ::lum input voltage should not exceed + lOV. The 
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expected signal voltage should be less than the set , 
voltage on the input attenuator. Too high a setting 

/ will result in less accuracy in ,th'e digitized values 

and a lower voltage setting might chop the signal peaks. 

----- --

The attenuator should be set to a voltage closer to the 
-~ 

~ipected signal voltage but still a highe~ value than 

the signal voltage. Hhenever any of the signal voltages 

• (channel A or channel B) exceedS the set value, the , . -
( 
OVERLOAD VOLTAGE lamp lights for warning. 

. 
4. Display Input: This switch works in con-

junction with ru:PEAT':'SIN~E switch ,;on the keyboard." 'Set 

the REPEAT-SINGLE switch to. SINGLE and DISPLAY-INPUT 

swi tch to' A DUAL or B DU]l.L. 

" 5.14 KEYBOARD CONTROLS AND PROGRN·UIING' 
, -) " 

Once the Fourier 'progr.am tape is, "loaded into 
,~ . 

the computer, fur the!' co~rol 'of' all devices interfaced 
. .. " , 

with the .cor.!puter an,d the prograJmling, of mathematical 

.. 

q 

functions are done. 'on the keyboard. All the mathematical 
~ 

functions stated o~ the keyboard can be done ~ pressing 

the keys. There are three control switches to be set 

. before prograituning. 

1. Set 'roURI~R ANALYSER/CO~IPUTER NORMAL switch 
to 

to FOURIER ANALYSER. _ 

2. Set REPEAT/SINGLE switch to SINGLE. 

3. Set-STEP/CONTINUE switch to CONTINUE: " . 

--I 

", 



TilE KEYBOARD CotmAND: All the operations of Fourier 

Analyser are controlled from the keyboard. The keyboard 

consists of seven sets of keys grouped for various types 

of operations. The purpose.of each,set of these keys 

is explained in paragraph 5.7. Here it is explained 

only those cOMmands that arc used for shock excitation 

signal analysis~ 

Block Size: The signals throu~h input A and input B • 

arc digitized and stored in the computer memory. The 

number of samples to be digitized and stored for each 

input is selected by the Block Size command on the key-

board. Any block size from 64 to 4096 of data ,~ords as 

a power of 2 can be selected. OTh,e block size shou,ld 

be selected as large as possible which in other words 

means to cover a longer record time (T) and hence to 

obtain a finer frequency resolution (Af) in transfer 

function. Further criterian about the block size or 
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recorq time (T) has been explained in Chapter II. The 

bloc Jsize is selected by the following key~ard command. 

The ctangular boxes· shmm as keyboard command represent 

the ecific keys on the keyboard and the sequence of 

press ng the keys. 

Block Size Command 

1.--__.--,. 
BLOCK 

SIZE N 

,\ 



where N is any of the block size numbers shown on the 

keyboard which are from 64 to 4096 as a pm~er of 2. 

Analoq-Input Command: This command sets the ADC to 

take signals on inputs A and S, digitize the signals 

and to store the data in the memory. The keyboard 

command is 

r::;I 
GU 

where Nl is the number of the data block in which signal 

connected to Input A to be stored and N2 is the one in 

which signal connected to Input B to be stored. The 

Analog-In command sets the ADC ready to be triggered. 

The sampling procedure begin~ only on the application 

of trigger pulse which in our case is the shock pulse 

signal connpcted to External Trigger mode. 

Shock Testing: The sho,ck is applied by means of a 

hanmer via a crystal type impact transducer. Vibrati~ , ' 
,,' 

~s picked up using a capacitance probe. The cryst~l 

im~t transducer is connected to a charge amplifi~r. 
r '- "il 

The impact force measured as a 

crystal transducer is converted 

change of charge ;n the 
/ 

into a proportional 
/ 

change of voltage in the charge amplifier. Th~ output 
I 

, ;' 
of the charge amplifier repreGentin~ the imP;4ct force 

is connected to Input A of the ACe as .... el1!~o- ~'EXT' 
Trigger input. 
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<be Vibratio~ured 
between probe face and 
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as the variation of capacitance 
o ( 

the structure is converted into' 

a proportional voltage in the capacitance bridge, tte~gnal 

out of \~hich representing the vibration is connected 

to Input B of ADC. The shock is applied on the work

piece and the shock signal tLiqgers the ADC. The shock 
j 

pulse signal connected to Input A is sampled, digitiz~d 

and stored in memory block 0 and the vibration signal 

connected to Input B is stored in rn~ry block ~_ These 

data in block 0 and block 1 are processed using Fourier 

Transform operations in order to obtain the Transfer 

Function. 

Scope Display: The data stored in the computer mc~ory 
Or 

can be d~splayedon the scope of the Display Unit by 

a keyboard command. The controls on the Display Unit 

has been explained in paragraph 5.8. The data can be 

displayed only as a full block,and one data block covers 

the full screen of the scope. Any c. data block can be 
. I 

displayed on the scope. The-shock pulse data and the 

. vibration data can be visually checked by displaying 

their respective blocks on the scope. This is to be 

don~ for checking the Overload Voltage error. The data 

block can also be split into smaller block size and be 

displayed in order to see a portion of the signal 

expanded. _The keyboard command for displaying a data' 

) 



block is 

where U-is the number of the data block to be displayed. 
, ' 

The disp~y unit shows in'a digital form the'vertical 

scale of the scope as voltage per one vertical division 

on the scope. 

5.15 TRANSFER FUNCTION PROGRM\ 

The Transfer function of the machine tool is 

computed from the shock pulse and vibration d~ta stored 

in the computer. There are four stages in obtaining 

the Transfer func~on from the pulse and vibration 

Staqc l: Obtain Fourier Transform of Input (shock 

pulse) and Output (transient vibration) . 

Fourier transform of Input Sx(F) 

Fourier transform of Output Sy(F) 

data; 

Stage 2: Obtain ~put-output Cross Power Spectrum. 

Defined as the product of the Fourier Transform of 

Output and the ~omplex conjugate of Fourier Transform 

of Input. 

i.e. Gyx(F) - Sy(F).Sx(F)* 

or, for greater statistical reliabi:tity an averaged -, 

cross power s~ur:I is takc~, given ,by, 

, H. 

G,J~) =- ..1.-2:. t; '/IC (F) 

'" Pi 
Ie , 

.r:- .......... ) 
J 

~'. 
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,_/staqe 3: Obtain Input-J\uto Power Spectrum.' Defined 

as the product of Fourier Transform of the input and 

its own complex. conjugate. 

or, again averaging to obtain Gxx(F) 

Staqe 4: Obtain Transfer Function. Defined by .the 

average Input-Output cross power spectrum divided by 

tile average Input auto power spectrum. 

These stages arq computed by a s.equence of. keyboard 

commands. The sequence of cOIT~nds can be given 

either manually, one after another, or the sequence 

is programmed. Basically, the ~ommands and their 

sequence arc identical in both the proced.ures. In . 
the case of progranmed sequence, the. Fourier Analyser 

performs all the steps automatically. A program here 

is defined as a sequence of keyboard commands which 

the Fourier Analyser will perform auto~tically. There 

are 200 clement iocations in ,the program memory which 

stores the keyboard command sequence·. TransfeJ:' Function 

prog~am shown in Table {2)is a pril:le 'example of 

progranming application. J\fter, or during the setting 

up of such a program, the steps can be listed and 

chec~ed via ~IST command. LIST command prints out the 

-program on the teletype •. 

Further details of. programming and editiog 

79 
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are given in the Operating a Service manual of Fourier 

Analyser. 

In the case of step-by-step manual keyboard 

command sequence, the results after every staqe can be 

displayed on the scope for checking. As long as the 

signals are within the overload voltage settings the 

progra~ed sequence is much faster. In the case' of 

programmed sequence, the 

as signal digitizing,and 

scope display goes off as soon 
/ 

storing of f11e data are complete. 

After' completion of all the stages in the computation of 

transfer function, .the final result is displayed. In 

the program shown in Table (2), the computed transfer 

function is stored in the data block 0 and displayed. 
L 

5.16 I-Ir:ASURE~ILNT OF RELATIVE P.ECEPTANCE 

The Transfer function computed above is based 

on the force applied on the w6rkpiece and the vibration 

measured as relative between tool holder and workpiece. 

The force applied on the workpiece is absolute and the 

vibration.~easured is relative while we are actually 

looking for the transfer function as a ratio of the 

relative vibration to a relative force between tool 

and workpiece. This is achieved by repeating the 

transfer functionmeasurcment with the force now applied 

'~:Q the tool holder a'nd the results of the two mellsurements 

added. 'It should be noted that the transfer function is 



a complex function having real and imaginary parts arid 

addition of two transfer function is a complex addition. 

This is easily carried out in the FourierlAnalyser. 

First, the transfer function, by t~ force on the 

piece is computed and stored in a rata block that 

work-

is not 

involved in the transfer function program. Then the 
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transfer function, b~ the force applied on the tool holder, 

is computed. The second one stays in block O. The 
_/ 

two transfer functions are added in the computer itself 

by the add keyboard command: , 
" 

I ENTER I 
where N is the data block which stOred the first transfer 

function. The added result. which is the relative 

receptance of machine tool, is in block 0 and is displayed 

on the scope. In our measurer.ocnts.. a block size of 

2048 memory locations is selected. The total data 

memory in 16k machine is 8096 words. lienee,· there arc 

4 data blocks of 2048 available for programming and data 

manipulation. The transfer function program uses data 

block 0 and 1 and blocks 2 and 3 can be used for storin9 

intermediate transfer functions. 

5.17 PLOTTER OUTPUT 

There are four output modes for the data in 

the memory blocks~ the Teleprinter can be used to 

I 
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obtain a printed copy of the data in any block, the data· 

can be punched out on a paper tape, or can,be displayed 

on the scope of the di'splay unit or may be plotted on a 

plotter. In our case, all the resUlts 

Hewlett-Packard 7035B X-y Recorder was 

were-110tted. 

used· to plot out 
\ 

·the transfer function. Two terminals called PLOTTER X 

and Yare provided at the back of the keyboard for 

connecting a plotter. These terminals are c6rine~ted to 

the X and Y terminals of the plotter. The plotting 

procedure is done using the control switches on the 

display unit. For analysis only the real part of the 

transfer function is required. Hence, the real part of 

the transfer function is displayed by .selecting the 

HODE switch to lU::J\L and plotted. The step-by-step 

plotting procedure is explained in Appendix. 

The real receptance was measured for seven 

positions of the tool and the three configurations of 

the workpiece. All ~e receptanceswere plotted out 

and ce=:p:l::ed ~:ith corresponding receptances obtained 

comparison of reccptances obtained by shock excitation 

technique and by harmonic excitation techninue. The 

full line curve is by shock excitation and the broken 

line curve is by harmonic excitation. Both direct and 

cross receptanccs for vaxious configurations and tool 



positions are compared. rhe notation at the right hand 

top corner of the rece~tance curves refer the Tool 

position and lathe configuration. The first angle 

represents the direction of excitation force. the next 
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angle the direction of vibration pick-up and the following-alphabet 
symbol 

-ical / specifies the lathe configuration; both tool 

'positions and lathe configurations being referred to 

Fig. 18. 

5.18 ~:ElI.SURE!\EtlT OF HOD}; SI1l\PES 

The shock excitation method \-las also used for 

obtainir.g mode shapes. The same experimental set-up 

used for receptance measurement was used to deternine 

the mode shape both by harmonic and shock excitation 

technique. In the case cf harmonic excitation. the 

machine 

and the 

machine 

tool system was e\cited at resonant frequen~ 

aMplitude cif vibra~on at various points of the, 

tool and the relati~e phase of the vibration 

with respect to the exciting force were measured. The 

ratio of amplitudes and the relative sense, of the phase 

angle at each point determine the mode shape. In harmonic 

excitation method, the measur~ent should be done for 

every resonant frequency exciting one at a time in order 

t6 obtain all the modes. Further details of measuring 

mode shapes by harm~nic excitation can be found in 

Reference (11). On the contrary to the harnonic 

\ 



excitation method where the excitation force was given 

at a constant place and vibration measured at various 

points of the machine tool, in the shock excitation 

method a constantly clamped vibration pick-up between. 

tool and workpiece was used and the structure being hit 

at various pOints. The transfer function measured at 
\ . 
'every point contains all the modes and the ratio of the 

amplitudes of each of the modes on all the points 

determine all the mode shapes. The transfer function 

at each point on the machine was determined exactly 

with the same procedure. followed for measurement of , 
receptancc, except that the transfer function data is 
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printed out on the teletype in polar co-ordinates. Polar 

form printout gives the ~gnitude and phase values at 

each frequency. At each point on the structure, the 

magnitude and phase for all the nodes are obtained by 

a single test. Individual modes. arc plotted by selecting 

the magnitudes and relative phase angles at the particular 

resonant frequency at all points. The sense of the 

magnitude at any point is determined from the phase 

angle. The sense whether in phase or out of phase is 

determined with respect to the phase angle of the point 

at which the pick-up is clamped. If for any point the 

phase angle is close to 00 relative to the reference 

phase angle, the magnitude is in phase and if the phase 

.'1 
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angle is close to 1800 with reference phase angle, the 

magnitude is out of phase. An example of teleprinter 

printout of polar co-ordinates is shmvn in Fig. 36. 

The procedure of mode shape measurement is programmed 

for automatic operation such that the impact is given 

at all the points one after another and the Fourier 

Analyser computes the data for each point and prints 

out the interested frequency ranges in polar co-ordinates 

for every point. After hitting every point, \Vait for 

the completion of computation and data printout. The 

program for mode shape measurement is given in Table 3. 

The mode shapes were measured for three confiqurations 

of the workpiece, both by harmonic and shock excitation 

techniques. The results are compared in Fiq. 37.a to 

37.h. The curve in broken lines is by shock excitation 

and the curve by continuous line is by harmonic excitation. 

Model Direction: The shock technique is very useful to 

find out the direction of each mode. The transfer function 

is measured for all the directions around the workpiece 

at 100 intervals. This is done by giving the impact on 

all the directions and pickin~ up vibrations in the same 

directions simultaneously. The polar magnitudes for all 
rJ 

tho model frequencies are printed out for all the 

directions. 'The direction of each mode is found out by • 
tabulating the ~ar magnitudes for the particular model 

" -, 

V 
t' 
" 



frcqu"!ncy at various angles and (choosing the direction 

of maximum response magnitude. This is easily possible 

due to the easy application of force impact in any 

direction using the hammer. 

5.19 HEl'SURElillNT OF ru::CEPTANCE ON ROTATING t"1ORKPIECE 

Shock excitation technique makes it possible 

to measure receptance with mot·ioJ;ls in the structure. 
,,' 

Fof, example, the shock excitat16n technique was easily 

applied in the case of rotating workpiece. The shock 

pulse is given to the workpiece ona thin strip of plate 

held tangentially sliding on the workpiece. Fig. 38 

shows the application of shock on a rotating workpiece. 

The shock and vibration signals are analysed using the 

Transfer Function progran. The difficulty arises due 

to the noises produced dUe to rotation. The vibration 

output consists of not only the transient vibration of 

the structure, but also other vibrations excited by all 

the disturbing forces associated with the spindle drive 
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\ 
and origitlating in the unbalance of the motor and rotating 

shafts, in gears and in ball bearings. These vibrations 

are noise as far as our measurement is concerned but', 

they enter into the results because the spectrum of the 
._-

impact force is continuous and the vibration signal is 

resolved into amplitudes of frequency components no 

matter where the component cOllies from. To avoid this 

" : ; 

• t 
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situao:ion, the signal averagincj technique was applied. -
o 

The workpiece was hit several times, every time co~uting~ 

the transfer function and adding up to the previously 
. \...: 

added value. Actually, the transfer function was obtained 

as·the ratio of the sum of cross power spectrum for 11 

times to the sum of auto power spectrum of pulse for N 

times. Spectrum averaging technique filters out the 

noise due to its varying phase relationship to the 

shock spectrum. The program used for spectrum averaging 

is shown in Table 4. Example of results of this type of 

measurements are shown in Fig. 39. Fig. 39 shows the· 

response of a lathe with spindle rotating at 183 rpm, 

a) for the case of signals taken only once and b) signals 

taken in 40 times and averaged. The curve c) is the 

response obtained with spindle at standstill. It may 

be seen that most of the noise has been practically 

filtered out in the case of Fig. 39.b. 

5.20 EFFECT OF TE!'PEAATURE OF SPINDLE ~1bmITING ON 

DYNAlUC RESPONSE 

The shock excitation technique was also used 

to inves.tigate the effec .. t of temperature in the spindle 

mounting on the receptance. In Fig. 40 the results. 

are illustrated. Diagram (a) and (c) arc horizontal 

and vertical rcceptances respectively as taken at 

spindle speed n - 183 rpm. Diagram (b) and (d) have 
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" 

been taken at the same speed irnmediatelyaft~r a, run, 

for 45 minutes at n a 906 rpm was completed. In case' 
v, 

of this partiqular lathe, ~o appreciab~e effect on the 

receptance was observed. ) 
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QlAPJER VI 

DISCUssroo OF 'lliE ffisuI:rs AND Ol'lCIDSIOOS 
, 

. ~ 

The shock exc1taticn technique' has, a IJ.IIlt>el' of advant!iges 
c 

in corrpariscn With, the h,aIiIx:irl.c exc1taUcn technique, Thenain , 
'advantage is that it is not necessary 'to try ~ acccmxla~ the 

. . ._-\ 

~lectranagnet between tool am workpiece wtllctt ~ften needs special , , 

fixtures, am is, tine· consuming' am samtines eVen lirpossible', !Iso • 

the 'difficulties With frequency lliittaU~ am ~ Si~ distortioos '. 
. I -. , 

are ellminated, In the case' cif shookexc1tatlcn tpe respcnse is ootained 
" ' 

very quickly because the fOr;:e 1.npact aWlies;~ the ~uenc1es 
'. r'· 

s1liulta.neotl,Sly and it 15 not ~s:xn:y to ~ through ,tD:! frequenCy 

range: Another inportant wvantage consists rn the possibility to 
, ' . ., . 

ceasure while spirxUe is rotating am saddle 1s JlDving or !!Vl;n while , 
uacJ:Une is actually 'cutting, 

! 
" o 

''!he results ci>ta1iled were very IIUCh cmparable with t,hose '/ 
, , . 

, oota1ned by hannaUc exc1taUcn. Ieceptances meaisured' by both ttIe' . ' 

~thodB for aimy ccnt'1gurat1cns or workp1eceand tool are CXJIPred in 
" 
~S 358. to 351'; ~ broken tine ~ being far ~c exc1tatiCil 

and the f\Ill line ~ far ahocIt expitat1cm. In all the cues not 
.. : . . , . . . 

c:nly the reat;ures ot the ~ are 1dent1,cal ~ ~ the 1III!P'l1tWea 
• or all the peaIas are pl1ICt1~ ~ 1n both cuee. CaIs1dIII1I1S the 

cnmrence 1n tarc:e ~ (Hall p1~veraua P'~lectr1c , 

~) .d the ..,U~):" ~.~.,. ~.~ 
II '. , 

, 
/ 

i 

• 
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equ1jm!~ used for haIocnic and shock ~chiliqu~s respect1vely> the 
. , 

agreerrent of resUlts, is extrao~. 
, - ~ I 

" I ' 
The shoCk exc1tat1cn 1s a very ,p<Merful te~que for nxxIe . 

, , 

, shape rreasurerrents as welL ~e advantage of shock technique is that 

it g1...:es aJI the, modes sirrultaneously am every POint en the structure 

is hit only arlee to get all the nxxIes while in the case of hanncn1c '. 
excitatien, th:;, neasurenent has to be done irrlependentlyfor every) / 

m:xle. Figure" 37a to .37h sha./: the cCllparison of nxxIe shapeS.ireas~ 
byboth'the rrethods. 'It rmybe seen'tlhat~so for nxxie smPeSthe· . .' 

agreerrent of results obtained by the two ne~ 1s ,very gocxi •• An 

~rtant ~tage w1th harnn11c t~hn1que 1s that it 1!l' possible. 

to. visualize the m:xle shape during testing arx:l this 1s{X)t' possible

in shock_technique. The tine taken for rixx:Ie shape Ileasurenent was ' 

alJIDst srute for both the tebm1~s: 1he . shock' technique ofi~ a 
. " 

very cenvenient way for f1rx11ng out DDdeI directlcns in which the •. 
, . 

exc1tatien forbe can be very, easily applied rn -any d1rectlen by the , 

harmer ~,centrast to hanoon1c exc1tatlcn where t~ ~ of eXc1w,r 

in var1~ destred d1i-ect1~ are rot alwaY8 easy. ' It my be aaid 

that for the purpose of mode shape ue~wtueilt the two teclvl1ques are 
, . 

Clj>otJlerrentary arxl ale or Qhother may be pre~le in difterent 

applicatlcns. .. 

" 

. ---

, 

\ 
'1 

! 

\ 

JiUrther ad~ of aHoc:k. tecm1que 1a ita eaay appl1cat1cn , .,.. 
, , , 

to a rotating workpiece or to a JDOV1ng IIBM1e or e1/lllll to a 1I8Ch1ne\ tool , 

~ oonxal cut~. In this ~'of aper1Dent the el1lainat1c:n ~ , .. 
no1IIe by ~nQ a~ 1a WIl'1 c:cmien1entl1 daie ~ the \ 

o 

' .. 
. , 
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is very effective and easily prograrrrnable. 

The shock technique is a valuab).e tool for itxiustr1al applica

tion where the rrnch1ne tools can be easily tested in a shaM; -tc without affec~ing the productl00 schedule. ~ signals ~an be . recorded 

co the rragnetic tape recorder and processed later in the ~er' 
~ser. 
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CLOSED - LOOP SYSTE~l OF Hl\CIIINE TOOr. fI:m CUTTItlC PRO:::S9 
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, Measurement Accuracy 

Probe Full scale range • 
10Hz - 10kHz 1Hl1 - 10Hz 

E:ng1ish Metric English Metric .' English Metric 

MAl 1 thou* 25 p.m 3 0 .... in .15p.m 6~in 1.5 1=1, 

MBI 5 n 125 a 100 D 2.5 D 250 • 6.25 • 
Mel 10 • 250 • 200 " 5 a 500 a 12.5 '1 

-
MDI ';;0: • 1.i5 mm 1 thou 25 a ~5thou 62.5 • . 

, , . 
'MEl 100 n 2.50,. • 2 • 50 n 5 " 125 

., 
.. 

, (0 Thousandth of ;pl inch 

Ranges are of mean distance ·and peak-to';)leak vibration, OIl. 'Normal'. 'On '-;'5' ' 
the sensitivity and reading acCuracy of vibration aro increased by a factor of 
five without altering the meaaurement accuracy. 

Distance AccuracY: 

Discrimination: 

Outputs: 

Power ReqUirements:. 

Dimensions: . 

Weight: 

Probes (ae'. alao fig. ~} 

Probe 

MAl' 

MBI}. 
tdC1 

. . 
. MDI 

./ ,MEl 

As quoted above for'lOlh - 10~ 

- Better than 0.5 per cent. of full-scale 
deflection ' 

'0-- 1mA from meter circuita at 1000n. 

lOS - 1ZSV or 210 - 250V. 40 - 60HZ': 
Conaumption app~tely sow. 

Approx. l6 Ib. 

ti3 cm.) 
(29 CIp.) 

(19 em.) 

(11.8. kg. ) 
, . 

Oubid. Diameter ltength 

in. . em. em. 

0.312 ' 0.19Z • 1.S 

IJ , 1.145 .0.681 
0.812 2.06 
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1. START/STOP/FREE.lWltdI: Cootrols tape ~ 
.. rUDc:tlons.·ID FREE posItIoo., fM ratcbet NI_ 

ror tape posiUoolDc. 

2. B. SP. pushbutton: Bacap.e. puocbed tape aD. 
reed bole. eaCh U- pushbuUoa II pllaul . 

3. ON pwhbuttoo:' MeehlnicalJy eocacn tape drift 
medwlbm 10 permit a puncItiIIc lOjitiidiu6. 

4. REL pwhbuttoo: ReI_ tape IU* Ny 
Crom Ceed .betlto allow tape ilmofll.fIcm paDdL 

5. OFF pwhbuttoD: DI-III1C" tape drift GIl' b.-
to ~nnt & p''Dchl'll opendIaI. . 

6. Type.rllft kayboard: Molt kaya are lilt· 
uplaDatory; acepdou .... foIIcnn. . 

&. HERE IS by ...... to In' ....... IadIIiI 
lOr blank tape from U. tape ..-

b. CTRL a7 I&Ioeta u~..,.... flaac .... __ 
sm-d wUII_ or tIMo fer a ... a,.: 
(1) WRU (wbo ... ,.,.., by" ; .... - . 

InC IlatIoG II)' ~.? • .,. ItaIkaa --
Melt: GIl it' 

(2) X OFF by tu.a orr aV. " ....... 
tr ..... b :R'C'. ..., 

124 

1 
I 
I i :. 
, 

.\ 

(3) EOT (ed 0111 1Mion) by dicolll_Is 
. bocJa ........ aDd .... hlne dlUM>! 

(4) au (_ JOG)' by i" .. It IdeDlIficaUoIl 
fJoaI .teticwne 

($) FORM by ", •• ldn ~ rliedaat at 
both "''ora -

e. SHIFT by IIIIda 1I~ b)'top IIJ1iIboI "'
~.t_ time .. a papblc SJJDbol by. 

II. wm FEED by ..... pIa1ea _ 11M Us 
-'-'-10 U. « •• tIIII& &III! ~ • '. II at ..- 5 r-tIlt_.,.".. It 

.. RUB OUT by liD' • -tIDI code 10 obIIw_.," t ..... _ pa ..... rl t8pL 

tau..., ........ ·at·...- ..... .. ........... " 
J. ESC ( ...... by peoN _ ap'." code 

, .......... ' ... (~) fla· " 

.. TAN. T ...... VT"'" -' PI 'I'" ...... " 

,. uNa/Orr/'LOCAlc .... CId oil ~ r-
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Thea make either or 
·Chosen parameter the remaialng two 

Cl,oose co!!venient automalic:illy fixes parameters (can't be 
round namber (or the value of parame- both) as close as pos-
parameter shown. te:- below, because sible to the desl:ed 

of relationship in Yalue by cboosln;: N* . 
parentheses. in the relaUonshlps 

} 
. Shown. 

F' (F 1 ) T (T aNAtJ 
1. !l.t max max a Ut 

AI (61 • N~t) Ie .. 
At (At a 2F~ax)' T(T.~ 2. F max 

AI (M-RkJ 
,~ 

'--. 

T(T--k) , 
At (At. ~) 

3. A( 

Fmax(Fmax.~· AI) 
. At (At -l) 

4. T AI(M-i) F (F • ~ . 61) max max 

ON, the c!2ta block size, Is always a power or 2. 

t 

N DU.l BLOCX· SIZE 

!J.~ - PRBQtml'lC1 REScu.unOlf 

P'max -H.UmtDI : PREQ~cr A1f~YsBD 

SE"LEC-nNG SAMPLING PARAMETERS 
lJ 

TABLE.t 
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'lRANSFER FU;~Cl'IOO PR!XlRAM 
-

BUXK SIZE = 2048 

. 
PROORAM CXNl'ENl'S OF <XN1'ENl'S OF CCNIDn'S OF (XUl'ENI'S OF 
COM1AND· BLOCK {) BLOCK 1 BLOCK 2 BLOCK 3 

;-
I 

RPLAC 0 E 

.. 

LI\BEL 0 E . 

ClEAR 0 E Cleared , 

"""- , -
ClEAR 1 E cleared 

Q 

AI~ALG-m 0 SPACE 1 E F X . 
, 

. 

F 0 SPACE 1 E ~(r) ~(r) 
V . 

, 
" 

H1lliR~ 1 E ~(f) Sp(r) ' .. 
. . , .. -

~IJI!I' 1 E . ~(r) ~(r) ". "" 

. i 

. , 

-
Dfl'ER..QiIJ 1 E ~(r) - GxP<t) 

E - EHmR .. x-~, 
I , 

" ( 



, 

Pro.:;RAM C(Nl.'l:Jll'S OF cx:NIDll'S OF 
CCH1A;W BLOCK 0 BI.JX:K 1 

-
II 

MJLT 0 E GFF(f) GXF(f) 

INl'ER-:-CIlNG 1 E GXF(f) GFF(r) 

, ' GXF(r) 
)) . ' 1 E opp(t)- T.F 

. 

END E, T.F n, 

'IER:1 E T.F }) 

" 

c " , 

I 

-

. 

Ilppcr) - auto JX*IIl" apectun. or t\:Irce 

.oxpcr) - c:raea poIIIIl" ~CtNa or ~cn In1 FtIrce 

'l.P. 'fNnIfW .fImct'aa 

j I 

ronENl'S OF 
BLOCK 2 

-

I 

"-
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PRr.RAl1 COOl'ENI'S OF 0);{[ENl'S OF cam:ms OF <XMENrs OF CCMWID 'BUX;K 0 BUX;K 1 BUX;K 2 BlOCK 3 

. - -
~ . 

II lIER-Cli}.u 1 E- ~(f) GXF(f) - -. \ 

, 

• . 
r·ULT 0 E GFF(f) ~(f) 0 

".. 
, r 

, ' 

ll-llER--chi-IG 1 E Gxlf) Gw(f) 
/ 

. 

-

1 E 
GXF(f) , 

?FF(f) + G (f) - T.F 
FF 

. 
POIJ\R· 0 E T.F in Polar .. 

- .. 
PRINT Nl 
SPACE N2 uID:'R 

.. .. 
-

. \ . , ) 
rom 1 SPACE 

. 
: . .. ff , N3 ENl'ER , .\) -

. 
" 

ElID ~-vIER .. Jf .' , . 

" 
'lliIf4 EI'l.lEl -ff If 

. 
-. . 

-- alto poer apeotna of ttrce , . , 
_ croea pclIIIeJ' apectruIIl or vibratiOn IPS tarce ___ 

- h.fV lIID:t1cIl ' , ' 
_ ...... or po1nta en the' ~ tar ..m ,at..-. 
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ffi:X;RAM FDR l-OE SHAPE f.EASUREMENr. \ 
BLOCK SIZE c 2048 . 

PRXJRAH CCNI'ENI'S OF 
CC1'MAND BLOCK 0 

, 
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RPLAC 0 E 

, 
LABEL 0 E 

ClEAR 0 E cleared 

ClliAR 1 E 

-
< 

LABEL 1 E 
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-

F 0 SPACE: 1 E ;;'~(f) 

INlliR-OlIKl 1 E SxCt) 

• 
MULT 1 E <lxFCt) 
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E - EN'lER P -
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/ 
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B!.CCK 1 

" 
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-

x} 

Sx(f) 

~Ct) , 

< 

SpCf) 
> 

00NIFm'S OF CCffiINI'S OF 
BLOCK 2 BLOCK 3 

-

• 

-
, 

x - V1br8t1m S1pl 

JIburier~CcrII or 
V1brC1Cn~ , , 

-
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PRJGRAM OF AVERAGING 'rnANSFER RTh.'CTIOO TO "-

ELIMINATE NOISE- case of rotating workpiece i-
BI.(X;K SIZE = 2048 

PIUJRAH CCNIENTS OF o:NIEm'S OF rom:.'ll'S OF COO"IDlI'S OF 
CQM!.1ANl.) BUX:K 0 . BLOCK 1 BJ:.IXK 2 BUX:K 3 

, REPLAC 0 E 

LABEL 0 E 

. . 

ClEAR 0 E cleared t 

ClEAR 1 E • cleared 'f , 

" 
, 

ClEAR 2 E 

'\ 
cleared 

~, ' 

(, , 
, 

" 

'f 
",: , 

cle~ ClEAR 3 E 
" 

,~ 

LABEL 1 E , 

. .. 
" 

ANAl.OO-IN 0 SPACE 
PaatGXF PMt !xx P X 

1 E , 

, / , 

, 
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F 0 SPICE 1 E Sp(f) , Sx(f) •• •• , I 



PlmRAM romNl'S OF caffi'Nl'SOF 
CCMWID . BLOCK 0 BLOCK 1 , 

, 

INl'ER-cHNG 1 E ~(f) ~(f) 
I 

• 
r.m1l' 1 E 0 lCF r • • 

+ 2 E Sum of Past 
arxl this G . .. 

I c lCF 

. -
S'1'OOE 2 E . " 

~ 
.. .. 

LOAD 1 E ~(f) .. 
r 

-V . 

• 
rnLT 0 E 

I 
OFF .. 

" &m or Past + 3 E 
anith1SGw 

.. .. 

Sl'ORE 3 E , •• •• 

romr 1 SPACE N1 E •• •• 

. 
ILIAD 2 E °IP , 

. 

Ilw. - lIUto po fill' apectND ot tbrce .. 

G__ •. ~. tn. or vJ.tIMit1cn 1111 turoe 
10& CI'OU .power epee. . 

, 

CCll'lEN'l'S OF 
BLOCK 2 

• 

• •• 

" 

I .. 
. 

\ 

Updated sum 
ofGlCF 

.. ( 

./ .. 
I 

, .. 
, 

•• 

&III ora: t1mea. 
. 

. 
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PImRAM CONTI:NI'S OF CCNIEm'S OF CQ'llENTS OF,7 
o::MrWID BU:x:K n BLOCK 1 BLOCK 2 Co - --

3 E 
GXF T.P-

", GFF 
.. .. 

END En'ER » 
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ENl'ER 
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1. Specifi~ations of Impact Transducer 

Hanufacturer 

Transducer 

Serial Nwnber 

Range 

Linearity 

Frequency Range 

. Calibration 

Stiffness' 

P.C.B. 

Quatz Impact Tran~ducer 

2l8A 

109 

o - 5000 lb. 

+1\ 

o - 68 KHZ 

17.5 pC/lb • 

20 x 10-8 in/lb. 

2. Specifications of Charge Amplifier 

l-Ianufacturer 

Description. 

S~iVity 
" 

output Voltage 

Frequency RAnge 

Outputs 

Kistler 

Charge Amplifier 5001 

(Dial· Calibration) 

0.1-110.000 mechanical 

units/volt 

+~ 10V 

o - 180 JalZ ., 
-

1) 100 • for connecting 

to high inpedance recorders 

e.g. scope. 

2) 50lllA. for low ilIIpodance 

reCorders •• g. uv recorders 
• 



3. Specifications of \-layne-Kerr Capacitive Bridge 
p. 

Hanufacturer Wayne-Kerr 

Instrument -B73lB Vibration/Distance 

meter 

Frequency Range o - 10 KHZ + 10% 

Carrier l:'reljuency 50 IQ!Z 

Number of Channels 1 

Maximum Output IV, 1rnA 
~, 

.". 

) 

; 
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p.PPENDIX 2 

SETTING UP THE VIBRATION PROBE 
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,. 

1. The structure under test !:lust be !:Ietallic or have " 

~tallised surface. 

2. The probe face must be clean and mounted parallcl 

to the surface of the structure and the surface of 

the structure i" curved the probe face !:lust be set 

tangential to the surface. 

3. IE th synmetrical vibration about t..'le l"',can distance, 

the probe should be N>unted at such a distance 

,4. 

,<' 

from the surface of the test structure that' the' 

following conditions are fulfilled. 

a) The probe and the test structure must not co~e 

b) 

into contact on a\ternatc peaks of vibration. 
/' e.-

Ta fulfill this condition, the distance netcr 

reading must be N>re than half, ,the vibration 

" I:Ieter reading', , see Fig. 27.01. 

For the readings to be within the soecified .. ' 

accuracy, the maximum instantaneous separation, 

which is the'mean distance nlus hal£ the peak 

to peak vibrati.on a~.pnt~d~, must be within 
, 

the range of the probe, i.e. 

Sec Fig. 27.4.' , 

Connect tile structure under test to the ground 

terminal of the vlbr01tion,I:Ieter. 

OPERATING INSTRUCTIONS 
• 

1. COnnect the ''layne Kerr bridge Ito , nov supply. 

159 



2. Set the probe as described above. 

3. Allow 15 minutes to elapse from the tiJ!'e of switchinq 

on, -then set the Check/Read Switch to Check. Adjust 

the set potentiometer for·a readina of exactly 10 

on the DISTANCE meter upper scale. 

4. Set the switches on th~ instrument front panel 

5. 

as follows: 

a) Check/Read Switch to Read position. 

b) High/Lo\-1 position to High position. 
I 

c) NOrljal/~ 5 switch to Normal I "t" POSl. l.on. 

If the frequencY of vibration is below 100 HZ, 

~e High/Low Switch is set to()LoW position. 

Plug ~ the low-pass filter ihto the Recorder ' 

Distance jack on the instrument rear panel. Connect 

the output terminal of the low-pass filter to the 

I~PUT B terminal on the Analog-to-digital converter 

of the Fourier AnalysJlr. 

Tho instrument is now ready for operation. 

\ 
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APPENDIX 3 

LOADING FOURIER PROGRAM TAPE 
I 

J 
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There arc two Fourier·Program Tapes: 1) Configured 

to load the tape through photoreader (configuration 1); 

2) to load the tape through the teletype (configuration 

2). Both the options are available in our system.' As 

photoreader is 50 times faster than the teletype, the 

tape should be always loaded through the photoreader, 

i. e. configuration 1. The follOlving procedure for 

loading the Fourier Prograntape applies to configuration 

1. 

1. Set keyboard to Fourier Analyser enabling keyboard 

control. 

2. a) Place Fourier Tape roll in photoreader tape 

3. 

holder, feed holes towards' rear • 

. b) Press PQVIER push b:utton. 

c) Press LOJ\D push buttOn on photoreader. ) 

d) Run the tape leader underneath the .wire-guide . '. 

and through the pair of feed rollers. 

e) . 

The 

the 

a) 

b) 

c) 

d) 

Press READ push button; 

commands in th\s step uses the push buttons on 

computer front panel. 

Press HALT button ff not in HALT mode. 

Press P. 

Press the startin~ Address 037700. on the 

DISPLAY REGISTER. ( 

""''''ET E""""RNJ\L PRF'sE'f'· And Pre1lS INTE~ p~ • ... ... 

. -

, 
L 
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LOADER ENABLE. 

e) Prrss RUN button. The tape should run through 

the photoreader and sto!,. The DISPLAY PJ:GISTER 

should display 102077 for the correct loading. 

f) Press P. 

g) Press the starting address of the program 

&Q0002 on the DISPLAY REGISTER • 

h) • Press INTERN1I.L PRESET, EXTERNAL PP.ESET. 

j)~rcss RUN button. 
) 

'1'10\,1 t\.e Fourier Analyser is ready for operation. 

Loading Fourier Proqrarn Tape Through Teletype 

(Cpnfi'luration 2). 

,Only the step 2 varies in configuration 1 and 

configuration 2. All the other steps are exactly the 

same as explained for ,configuration 1. Hence, only th~ 

step 2 is given below. , 

2. a) place Fourier Program Tape in. the teletype 

tape reader. 

b) set the teletype power switch to LINE. 

c) Set the tape reader switch to,START. 

3. Same as for the configuration 1. 

, 
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APPENDIX 4 

PLOTTING TIlE "RECEPTJl.NCES 

/ 
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The rcceptance obtained by the Transfer Function 

program in tl.c Fourier Analyser is displayed on the 

scope of the Display Unit. phatever is displayed on the 

sco~e can be plotteu on an external plottcr. ~,o types 

of plotter output arc available fran the Fourier l\nal~'ser. 

Point plottina and continuous plottinq. Point p' ottinr, 

is done "'i th the IIP7004 plotter and the 17012D 

Plotting Head. As we had no point-Plotter; all, 

receptancp.s were ~lotted usinq a strindard·analoq x~y 

plotter (IlP 703513). The insto.llo.tion of the plotter and 

the procedure of plotting- are as follol"s. ? 

1. connect thc X O)Jtput and,Y Output connectors at the 

rear of the Display Unit to the Y. Input and Y Input 
• 

respectively of the y,-y plotter. The fort:\at of the 
~ 

signals from the Display Unit oU,tputs arc sane as 

on the sco?e screen. 

2. Display the receptancp on the scope screen and 

adjunt the SCl\LE s,,,itch on the .Display Unit, so as 
,- . . 

,to get as largo a display on the screen as possrblC 

without truncat~ng any p.ei\);s of the rcceptancc. 

3. The 0 voltage point is at the oriqin of the display 

(Le," left edge, lI1idway bcb-reen top and bo'ttom of 

scre~\),. POSi~1 scale lind nC<}ative full 
~ r~vu .. - , 

Bcale for the vertical (+2 and -2 volts) lire at 
i 

the top and botton of the display screen. Hori2:ontal 

165 



full scale is given by an X OutputAof +5 volts. 

4. Set the FUNCTioN switch on the DispJ.ayUni"t to 

CAL position and CALIBRATE switch to OPJGIN. 

5. Set the plotter pen to the desired origin on the 

graph paper by adjusting the ZERO adjustment 

switches of x and y axes. 

6. Set the CALIBRATE S\o/i tch to +FS. 'This sets the 

calibration dot at. mid top line of screen. The 

pen on the plotter will move to the corresponding 

position on the graph paper. Adjust the RANGE 

(Gain control) switches of x and y axis so as to 

get a suitable scale on the graph paper corresponding 

to the calibration dot on ele screen. Set the 

CALIBRATE s~litch -FS and check for the' calibration 

of the plotter. f~ese adjustments Make sure that 

the plotting will be within the range o~ the graph 

paper. No~ Uhe plotter is calibrated. 

7. Set the FUNCTION switch to PLOT. and thlO ARMjPLOT 

switch to' ARB. The ARM switch outputs the first 

channel to x and y outputs of the plott~r. 

8. Put the plotter pen UP/DOtfN' switch to DOtfN and set 

the 1uU.I/PLOT switch to PLOT. Now the plotting 
, 

will be. done. The plotting 'rate is controlled by . 

the.PLOTRATE switch on the Di.play unit. 
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APPENDIX 5 

CALIBHATION OF TilE PLOT'l'ED RECEPTlu'<CE CURVE 

~t) 
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IIORIZONTAL AXIS (Freauency) 

The maximum fr~quency cOMponent displayed on. 
i 

the:scopg is half the'sarnplingfrequency. 

If the full block of the receptance is plotted, the 

range of the horizontal frequency scale is Frnax and if 

only a part of the rece!"tance is plotted, the corresponding 

frequency range is the horizontal full scale on the 

plotter. //) 

\ • I:xamnle: . 
Block Size N - 2048 

Sampling Frequency F s .. 5J(lIZ 

llorizonta'l Full Scale on the' plotter 10 in .'"2. 5~Z 

Le. 0 - 10 inch 

- ~ o 2.5 J(lIZ r. 

If only the first half of the receptance is,displayed 

and plotted: 

Horizontal Full Scalo on the plotier 10 in. 

VERTICAL SCALE 

Scope Display Scale 

(displayed on the digital 

i.e. 0 - 10 inch 

o - 1.25 KHZ 

_ b2. KHZ 
2 , 

aeale display) - Va volta/division 
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__ ~~~tter Y axis Gain setting = Vp volts/inch 

/ 
Range· s\-litch settinqon the 

, 
Charge hmplifier 

-, 

= fIbs/volt 

The full ran.ge of the 

! .capacitive probe used ';' X inch 

Then the calibration of the receptance cu~ve is: 

Vertical scale 1 inch ~}' inch/lb. 

Example: 

scaic(on the scope display Vd = 2 x 10-1 

1 
), V Potter gal.n p - 1 volt/inch 

Full range of the 

vibration probe used = 10 thou-a .010· 

Setting on charge Amplifier = 50·1bs/volt 

(2~10-1)x(2xl)x(.010) 
Then, Ver~ica1 Scale 1 in. c 50 

\ 

_ 8 x 10-5 inch/lb. 
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