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ABSTRACT

An instrumant to xmasure the ride saverity of a vzhicle has been
éasigned and censtructad. Tha instruzent cparatas on tha principle of
the passenger/drivar's "absorbed pewor®., Tha thaory of absorbed power
1s covarcd as well as the limitaticns of sinusoidal tolerance curves,
The cooplste electrenic circuits for the instruzont are presantad alang
with 1ts cperating instructicas.
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CRIECTIVE

_ The cbjcctive of this prograa was to dasicn and construct an instru-
mnt to m2asure vehicle rida. Tha instrument had to be easy to use,
reliable and capabie of accurataly esasuring vehicle rida.




INTRCRUCTICN

Miny dif2rent {avesticators have aticmptsed to quantify vibration saverity

by sudjacting pagple to diffarant vidrating environzents and recording

their reacticons. Tho major dificulty encountared 1s that one is not

cuantifyirg a physical prcnezenon dut humzn reaction to an extarnal stisulus.

This reaction eust taka the form of a cual{ative assessment or it must be

relative to scma other stizulus; tha problems associatad with efther will

be discussed. A msthed of mpusuring vibraticn saverity thit eliminatas the

zqsblm“of epasuring hwn reacticn to vidration will be presented snd
3cussed, ' :

Thore have bsen many attompts to atizch subjective ratings to vibraticn
severity. Thaz2 ratings havae baon described as "intoleradie”, "annoying,
"marczotable”, ete. Aithcut) there has boon 4 gr2at daal of ressarch done,
thare has not baca universal angrecuzat o what 1s “annoying” or "intodlerable"
! vibraticns. Tha roacen for tHhis {8 that one cannct attach this tyoa of
! daseripticn to a vidration wiliout defining the eavircazzat; in otior words,
| ene canot say that a vitraticn 13 “uncomvoriadle® witicut first dofining
the environmunt ta individial {s 1a., A vidratioa in an autcosdile sy be
"annoying®, "unccsvortadle® or sven “{atoloradle”, but this vitratica
in a truck may ba tirmad “"confortzdle”. Cna could rida for hours in his
aytszebile, but 17 this sam vibtration were induced in his living rcom at
homa, 1t would be “Intolarzdle”. Coirves that dafine reducad coovert bound-
aries are ccoplately usalass to pacole 1n the businass of desisaing venicles
i less thay are s=3¢2 spoeifically for that environmont., There {3 also the
_predlza of hew to ralaty frequency spectrums to sinusofdal boundary curves
but this predlea will ba discussed in subsequant sactions.

The other mathad used to evaluate vibration §s to rats one vibratica or
scasual irnut relative to crolher. This s called cross-eodality and cnme
eithar relatzd 14oht or ssind intansity to a vidration or one vidration 1is
ratad relativs to arother. This cathod of evaiuating the severity of a
vidbration is at tost a very controversial procodure,

kKhole body vibratica 13 a ccoplataly different phenomenon than a highly
local§zzd, or a singla sanzery input. In wiole body vidbraticas, tha
sensations that occur 1n tha 4 t9 7 ¢ps rance are entirely different from
the senzadicns that occur in tha 8 to 15 cos range. In the 4 to 7 ¢p2

y 4 renca, thF orizary chjsction to the vidraticn is the rescrating, or rala-
tive =3%ica of heart, lungs and other organs located in the thorax. It is




believed that this is causaed by the mass above the diaphragm resonating,
with the diaphragm acting as a spring. In the 8 to 15 cps, the primary
objecticn is movement of tha head. This 13 also the range of frequancies
where loss of visual acuity i3 most prenounced. It {s believad that this
is caused Dy a rescnating conditicn in the spinal column. The major cb-
jection in the low frequency ransa, assuming less than 1g peak, is the
relative motion of individual and environment.

It should be understood that the previocusly mentioned sensations, and an
undetarmined amount of others, occur sizultanecusly at all frequencies, but
beccre more proncunced 1n the fregquency rance mantioned. Consequently,
unless cross-mcdality measursments mada for different sensations give the
relation between the measured sa2nsationt, then 1t cannot be used to evalu-
ats whole body vibration., This sama preblem arises when one attespts to
rate cne vibration relative to another.

This charge of sensation, both in lccation and sensual input, is primarily
frequzncy sensitive, Therefore, there is scme indication tha the evalua-
tion of ride may be possible using cross-modality at a single frequency.

It is commonly acceptad that ride is proportional to some power of accelera-
tion at & single fraguency, 1.2.,

P a A (1)

or:
p = A" (2)

Using cross-modality, it may dbe possible to solve for the exponent n, and
detarmine if it 1s frequency sensitive, but at the present it {s believed
that there are too many unanswered questions to evaluate the frequency
deperdance of K using cross-modality.

It has been shown from many research experiments that the rate at which the
body absorbs energy correlates very well with a person'i sub;ective response
or raaction to a vibratfon. This paramater has been C2l1ed ®absorbed power”.

It has a physical significance and 1s mcasurable., This eliminates the need -

for mzasuring human reaction to a vibration, but requires one to measure the
abscrtad power for a particular vibration environment and one can then easily
detarmine the severity cf the vibration., This procedure is analogous to
weasuring tamperature to determire human comfort or disccmfort in a pairticular
envirormant. One does not measure the human reaction but the paramater that

affects it.
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ABSCREED PCHER

The original fommulation of absorbed power as a means of measuring vibration
severity occured frem cbserving many different subjects being vibrated in P
a rida simulator and frca the author personalily spending many hcurs being P
subjected to different vibrations. From this experifence two observations |
were mada: E l

1. The more relative motion cccuring between various parts of the
body, the more severe the vibration.

2. Doubling the amplituds of the vibration more than doubled the
severity. ¢

Frem thes2 two cbservations a theory was postulatad, "The severity of a
vibration is proportional to the rai2 at whick the body is abscrding enarqy.”

Frem this statement an equation can be written that expresses it in mathe-
matical tarms:

Paves .., ¥ F(t) v(t) dt (3)

P T e A eGP A R T M L it

This calculates the average pewer absorbed by a human when F(t) 1s the
input force and Y{t) 1s the input velocity. Note for a solid mass Fema
and the average is zero,

Several important odservations can be made from this method of evaluating
vibration severity.

POV U

1. Absorbed power has a physical significance and interpretation. f
Its varfation with different subjacts can be measured. ;

2. It does not rely on sinusoidal limits to determine comfort limits.
3. It gives a single numeric value for a vibration.

4, It can be used for periodic, aperiodic and random vibration.
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To validsta sivorbed power as a m2ans of datermining vibration severity,

a forca-uwsasuring platfora was built and saveral subjects were run through

2 sorias of vibraticn tasts. Absorbed powar was measursd and their sub-

Jective rasponses were recorded. Results of this test were publishad.
hiorbed power correlatad extremaly w2ll and 1t was determined that it

accurataly measured vibration sevarity. At this point the shape of the
sinusoidal tolerance curve was not knwn, . -

Tha equipment required to measure absorbed nower was fairly elaborata and
it could only realistically ba done in the laboratory. The force-measuring
platform was larca and bulky and cequirad considaradble {nstrumentation for
the dyrzaile measzurerent of forcz. Liat was-required was a means to cbtain
force freo an accaiercaatar. To acceiish this a transfer function was
darived that ralatas forcs to acceleraticn. Twenty-one different subjects
wera sinusoidaily vidratad for fregquzaciss of less than one Hz, to over

50 Hz., The forcs accalzration and phaza betwoon thom was measured at each
frequzncy. The zaan Tor the 2] sudiscis was graghed and a transfar func-
tica was fit to tha grach. This was ccng for the three linear potions and
the feet., These transfer functions wara pudlishad in an earlier papsr anrd
will rot be repeatad here.

This greatly simplified the calcuiation of absorbed power and made 1t
possible to calculata 1t entiraly on a cocoputer. Howaver, there was
$ti11 a predica In the low freguaney end of the spectrum. The calcula-
ticn of abscrbad power for low froquency was very dapendent upon the phase
betazn forcs and velocity. Conzacusmtiy ore had to have very hich grade
arplifiers ard {ntagrators to calculz.e power from &n acceleration signal
. or censiderable error would be intraduced. The probles was eliminatad by
dariving a frequancy-dependent waight function.
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SINUSOILAL VISRATICHN LIMITS

To arrivz at a s"iﬂg!a means to datcrming the absorbed power from an
2czaleration sigral it was ncessary to cerive frequency and arplitude
waishting funciicns. To3 dawvivaticns proceadad as follows:

¥riting forca as a sum of sine waves:

n
F(t) = £ FySin(Ny +¢y) (8)
i=0 )
and veloccity as: A
n
¥(t) = £ VY4 Sin Wyt (5)
i=0

Insarting thess expressicns into the equation for absorbed power and making
agpropriatas simplifications.the eguation for powar can be writtsn:

n -« 1 {1 {n2Wy T |
Pave = 1§o Fi¥y Sin wrgg T (2- + i‘,gi_i__) (6)

Taking the limits and noting the appropriate substitutions for sinusoidal
waves,this reducas to: .

n 2
Paves T K.| A {rms (7)
i=0

Khere K, 1s a function of frequency and Aqppg 13 the root-mean-square of
the acca2leration.

Absorbed pcwar can then be cempuled by multiplying tha m2an-square accelera-
tion of the appropriate Ky.
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The derivation of Ki(W) proceeds as follows:

The transfer fungtion'that rqlates force to acceleration can be written as:

F(S SN + Cysn-1 + +Cn1S +
ST CayS™ e+ Cpim S * Chum
Letting $ + JW equation (8) can be put into the following form:
G(aW) = KolFy + JWFp) |
Fg + JWFg (9

This 1s simply separating the numerator and denominator into its real and
iméginary parts.

The equation for absorbed puwer éan then be written:

n 1 a2
P ave = 12-0 ('G(R%A 1rms ) Sin ¢1' (]0)
Then:
Ki " lG(Wild Sin ¢1 ()

1

G(JW) can be manipulated into the following forms:

4

2, w22 _
| 6(aw)) =Ko Fi¢ + WFp (12)

6




and:

-".¢ - t‘n-‘ '. H(Fst '-FIFQ) (]3)
FiFq + WeF,Fy

Then P ave can be written as:

n
Pave= T k| 1Ta"Fs) o (14)
10 T} Ty wirg2 rms

The Fs are the real and imaginary parts of the transfer function. K,
is given by:

FiFq - FF4

Ky * Ko | e
F42 + W2Fy? -(15)

The equaticens for the Fs were published in reference number one.

" If one takes equation (14), sets P ave equal to a constant and solves for

the acceleration at each frequency, a constant comfort or tolerance limit
curve is obtained. Figure 1 has a s-wltt curve superimposed with the other
data to show how it compares with this experimental data. Note, although
this 6-watt curve was derived, its correlation with experimental data is
very good, giving additional strong evidence that absorbed power accurately
measures vibration severity. If one determines a constant power level for
a particular vibration enviromment, this then datermines the sinusoidal
tolerance 1imit curve. It 1s not a curve that is measured but derived.

From past experience 6 watts is about the l1imit for cross-country type vehicles

ard .2 to .3 watts for automobiles.
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RANDCM VIBRATION

A pure sinusoidal acceleration sine wave is extremely difficult,
if not {zzossible to generate in a mechanical systam. %

could not be mora evidant than when ona attcwpts to achieve a sinusoidal
vibration in a shaker systom. There is always scme distorticon occuring
even though avery attcmot has bean made to achiave a pure or clean sine
wave. Thus, & system that attempts to evaluate tolerance limits must be
abie to evaluata thaza limits for random or quasi-random type vibrations.
If 1t does not then it proposes 2 cure for which there is no illness.

To help clarify the situation consider the follcwing example:

If one scans a randem vibration with a f1fier the output from the filter
will be given by: .

[ ] 2 A )
Cros ’\/2;— S [G(IW) | &(J¥) cw | (16)

i = Transfer function of filter.
= Pcuer spectral density of input signal, .

If one now considers an {deal filter, {.e., a filter that has a constant
gain over its bandwidth and is everywhere else z3ro, and uses this filter
on a whita mise vibration, (white noise has equal emplitude at all fre-
quancies) then inserting these conditions into equation (16) and performing
the integration,the output of the filter is given by:

5 - Y
erms '-\/% K (:3 ) (17)

Where G is the gain of the filter, K is the whits noise amplitude, and
Wp ~ Wy is the bandwidth of the filter. Inserting the filter bandwidth
into equation (17) 1t can be written as:

s = G\/k8~ ' (18)




B -.Filter bandwidth

This 13 a very'significant relationship. The output from the filter varies
as the square rcot of the bandwidth. If one scans this signal with a
filter that has very navrow bandwidth one would obtain many very lTow smplii-
tude signals. On the other hand if one opens up the bandwidth,.the signal
becomes larger. The amplitude can be determined by the filter width. Thus
1f one applies sinusoidal boundary limits to random vibration.one can
obtain any answer he 50 desives by appropriate choice of filter. Or stated
converselys {7 one sets T{lter widths this has as much influence on the final
answer as the stated tolerance limits.

Taking equation (18), squaring both sides, and dividing by the bandwidth
one obtains:

2
‘ . e (19)

This 1s power spectral density and {s independent of the filter width; There
is no ambiguity and the same answer will be obtained independent of th
bandwidth of the filter. :

It can be shown that the calculation of absorbed power can be written &s:

X '

v

) ). 4
P

Pave "-2.';';- S‘ K(W) A_zﬁ‘.‘l dw {20)

Where K(W) is the previously derived K{W) and AZ(N)/B is the acceleration
power spectral density.

Thus hbsorbed power can be caiculated in both the time and frequency domain
with no introduction of ambiguity or error.
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_ELECTICNIC WEISHTING CIRCUITS

To calgulats-absorbad powar frem an accelercmetar signal {t wis pacassary
to forrulase an eizctroniec circuit that has cain charactoristics that
vary with freguancy. The output froa the circuit cust vary as the square
of accaleraticon and have aporopriata fraquency charssteristics to coree
with the calculaticn of absorbed power. Tha frequency characteristics are
datamained &s follcws:

If an accaleration signal 1s ran throush a frequency weighting circuit the
outrut 1s given by:

& = G(JW)Aqp (21)
Squaring this ocutput ard equating it to power one cdtains:
2 2
[G(W)Aq,il . K(W)Agp (22)

They are {dantical {f:

l6(ow) | = 1/%(%) ' (23)

or:

a(awil «| [ KO(FyFg = FoFa)
(W)} TiT?fr'f?‘ P

3

This then deternines the frequoncy characteristics of the weighting circuit.

n




The transfsr function for each motion was determined by graghing the
right-hand sica of eguation (24) and fitting this curve with a polyncmial
in S (the Laplace Transform). This datarmined the frequeacy characteris-
tics of the elactronic weighting circuits. :

The solid 1ine {n Ficure 2 is a graph of the right side of equation
(24) for the vartical moticn. The value of the Fs and how they wera
obtained {s given in referenca 1. Tha cash 1ina {s a graph of the left
sida of equaticn (24) to show the corralaticn schieved. Tha transfer
function for this curve is: '

VERTICAL:

(S + 63)(52 245 + 750) : (25)

The s2911d line in Fiqure 3 is a grach of the phate sngle for the
vertical motion. The dash line 1s a greph of the phase of equation (25).

Figures 4 and 5 are graghs of the azplitudes and phase for Fore-Aft
moticn. The transfer functicn s givzn by:

FCRE - AFT:

. 2208
§(8) (sZ + 165 + 100)(S + 15) (26)

12



Fizores 6 and 7 are avplituda and phase plots for Sida-To-Si.a
mt’@n. , * .

SIDE-TO-S1DE:

6(s) = 625 S(S + 9.47)(5 + 3.98) (27)
(S2 + 8.85 + 142)(S2 + 3.355 + 14.2){S + 125)

Thase equations datsrmine the frogjuency charactoristics for the
elzctrenic weicnting circuits. The cutput frem these must be squared and
averased to cbtain the absorbed powge for esch motion.

The trensfar function for zach motion was datermined by graphing
ecuation (24) and ¥itting this curve with a polyncwmial fa S. Tia waishting
circuit for each motisn xas dsrived in this sannar. The eguation, circuit
ard output graph for esch moticn 13 given in Figures 2, 3 and 4 and the
mthod of intarconnscting these circuits 13 given in Ficura 5. Tha re-
“sultant output 1s than adsorbed power calculatad from an 2ccalercmaiar,
waicnting, squaring and averajing circuit.




w— R D I Ry I VR eI RN, B S 3 IY Y F N Y

r. .
m.:..\...uﬁ\,u 2 ounbyy

JAYNI ISNOJSIY NHWNH THITLYIA

ZL¥3IH - AININOINJ
01 ot Ol 0l

,01

NN

N

Y A

Nae | _
(C%%33S/14)/(S116M)LY0S
14

01




S S S S "
8L/S¢/S £ aundys

JAYNID 3ISNOJSIY NHWNH 19311 43A

Z1¥3H - AJNJND3IY4
NOﬂ —O~ . uD«

01,

06-

3SHHJ

0

S33493d

06

R U it et

081

e

15




llllllllllallllllll ‘!:3
8L/G¢/5 | ounses

JAYNT ISNOJS3IY NHWNH 149-3404

Z143IH - 1IN3INOIN4
.01 01 01 .01

¢-Of

-0
(C%%335/14)/(S11HMILY0S

01

16




[V SUR R SRpywarEy S S PP R A St AR B L L TT Y o

e W A e SRR e e e K

G 2unby4

JANNT ISNOJSIY NUWAH L4H-3¥04
Zi¥IH - AININOIYA

*

01 ot . 0l 0l

/4

06-

3SYHd

0

17

e

S3349130

06

[ =
(90
o




p et e i e ¢ e e Gtk Wbt i A ML S5 s B g S G s 4 m e dasamerent €

e, .;wfwgmm_k;
JAYN] ISNOLS3IY NUWNH 3015-01-301S

ZLY3H - AININGCINA

1 RS ol i

—gs o ———

.01

I

<
‘-D [
(C=x%]3S/14)/7(0S118M) 1405
18

>z




B i S et ol sk S asai sl ot a0 et g b AR T s T LAkt i+ Bt P P e i e it iy S s

B e L

e e T T

vLsuUE/ D

, L 3anbL4
JAYND ISNOLS3IY NYWNH 30I1S-01-30IS

Zi¥3IH - AJIN3NO3INA
or . 0l

di

/

~ ~
~ N
-~ - AF[

LA
v

e

06-
3SYHJ

0

19

S334330

g6

08I




' _ CPERATING IMSTRUCTICHS

Coeraticn of tha Absordzd Powar Ridz evaluaticn unit s simple. Tha operate
ing controls censist of vour ewitches., Rafar to Figure 8 for location.

1. Three position toogle switch for *Hoda® control to select Cperate, Hold
or Resat conaiticns for the unit.

In tha "Cparata® moda the unit 1s computing and storing the averags
Absorbed Powar for the Yertical, Sida-Sida and Fore-Aft nntions. {not
tn excced 200 sec).

In the "Hold” moda the unit retains the readings obtained while in
"Crarata® thus adrﬁftt€w3 tha coaratar 0 readtut the three pewar readings

sn the digital display by rotating the rescout selactor switch to tha
casired positicn.

In the “Razzt” moda the storsoy davicas are returned to zero z.4d the
unit is ready for the next run.

2. Threa position rotary switch for selecting the Veriical, Side-Side end
Fora-Aft puwwar rezding to be displayed on tie digital resdout.

3. Threw position rotary "Accaleraticn Ranie” ccatrol sa2itch ¢to select
presat paak acceleration jevels to ba monitored by tha accelaraticn indica-

ter, Toe indicator is 1it and rexaing so when the preset level i, reached
or excescad during & run,

4., Fxoentary contact push bution “Resat” switc’. to resat the pzsk accalara-
tion indicator 1ight.

To usa tha instrument mount che triaxial accaler.aatar to the vehicle at the
:t?tion to be testad. (Driver's, gunner's, ca;go arsa, ctc) and proceed as
ollows.

For Absorbed Power read’ngs tha operating procedure {s - ]
2. Bring the vehicle 0 desirad spead cnd put the "Mode” conirol swi.ch
in tha “Cperata” pusition (up). Runs are not tc axczed 200 seconds.
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b. Suon the course has besn coverad, put the 'Hode control switch
{n the Hdld® pss1t10n {center).

c. Rotats t-3 "Readout Selector® switch to the Vertical, Sice-Side
and Fore-Aft positicns and record the readings.

d. Move the "Mode" control switch to the "Resat” position (down) to
prepare unit for the next run.

For Peak Accaleration datection the cperating procecuve is -

a. Preset the peak accelération rangi switch to the level to be
detacted.

b. Proceed with the run as in step "A" of the Absorbed Power
procedure,

¢. If the indicator 1ight comas on, the preset level has been reached
or excesded. )

d. To reset the level detactor, push tha "Reset" button.

e. You are now ready for tha next run.

21
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CIATUIT DLESCRIPTICN

Fiovre 9 13 a block dianraa showing the faterconnection of the varfous
circuits. Tha acceleration 1s cbtainsd frem a triaxfal accelerceater.

(1f only one moticn 13 desired a single accalercmotar can be used). The
accealeraticns are fod through the freguency weighting circuits. Each
motion has 1is own squarding and storzge circuit. The frequancy weighting
circuits for each motion are givon in Figures 10, 11 and 12. Tha circuit
for tho p2ak accaleration datactor s givea in Ficure 13. This circuit is
uzad to datarming Lo peak acceleration input. Tha level {s sat by the
accaleration ransa kneb., Yocm an acceteraticn excaeds the sat level, the
15ht will 1ight and remain ca until resat.

Ficure 14 shows the prior connacticns for the chips used for the zultiplier
and divicer. Each xotion has its cwn multiplier end dividar. Tha output
Trea the multiplisr (squaring circuit) 13 intsgratad and the cutput frea

the integrator 13 fed nto the divider circuit. This sicial is dividad by
tize 1n the divider circuit. Tiza {s achisved by feeding a referoncs woliiga
in%o 2n intogrator. The cutput frem the timing circuit is used in 202 thres
divicar circuits. The outzut frem thesa circuits s displayed on the mitsr
with the desired reading cdtained by tiia salector switch.
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Power reguived for the “Absorbed Power Ride Evaluation Unit" is +5VDC
and + 18 VOC, -They are obtained by weans of a series regulator te drop
the source voltage to 5 VOC and a Burr-Brown #546 power module that con-
verts +5 YOC to +-15 VOC.

B | oz
B | ELECTRONICS
| DISPLAY
Figure 15

* can be 24 VOC source by chenging value of Ry or wattage rating of Z,.

oA i

The source to 45 YOU convertor is a simple solid state device utilizing
a NPN transistor and zener diode in a scries reguiator configuration.

o . +12 ¥DC ‘ +4.7 YOC

fi 285302

f‘ ING231 5.1 Volt zener diode
COMMON o =0  COMMON

Figure 16

The 5.1 volt zener was salected to give a +4.7 VDC output to prolong the
Tife of the AD-2002 digital readout device.
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