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ABSTRACT

Dynamic performance has become a significant criterion in the
Gesign of many machines. In this paper an integrated approach :
utilizes modal testing results and finite element modelling
into a system analysis routine to give the engineer a usefull
tool to select design modifications and to predict the dynamic
performance of a new machine. This approach can be used for
redesign of existing machines or the development of new sys-
tems. A specific application of the method on a harvester sha-
ker is described. .

INTRODUGTION

There are several ways to estimate the dynamic characteristics:
of a machine from purely analytieal investigations. The most
actical analytical method for predicting the dynamic behav-
our of a complex machine, before it exists, is through_  the
application of FE(finite element) technique. Argyris %1]‘and
Turner [2) dealt with complex 'systems by subdividing them into
components that were treated separately to produce results that
were synthesized to obtain dynamic properties' of the complete
system. A primary emphasis is directed toward force methods, and

~the problem of dealing with the conneetion system among the com-

ponents is handled by considering the equilibrium of the interac
tion force system. However, displacement methods are considered
algo, and in these methods it is suggested that the interconnec-
tion problem may be resolved by equating matching boundary dis-
plecements [3). Studies by Turner, Martin, and Weikel (4) consi-
der the analysis of complex systems by a mixed stiffness and/or
displacement methods.

From an experimental standpoint, the most convenient method of:
determining the dynamic characteristics of a machine, when it
existe, is to use modal analyetsrtechnique. With the presently
available instrumentation modal parameters of a machine can be.

Q1 e characteristics at -soma——
selected points after it is subjected to an artificial excita-
tion force (5). For R&D problems in many machines experimental

technigues minimize the amount of assumptions and gdealizations
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dnd prove superior for defining the dynamic behaviour. For a

complex machine, where many modes must be documented with maﬁ}
points, the testing time involved is great. However, the deve-
Jopment of digital FFT (Fast Fourier Transform) modal analysis
(6] have allowed dynemic testing to be speeded up. .

This paper introduces & hybrid method, which combines modal tes-
ts, FE, end system analysis approach to study dynamics of machi-
nes. It presents some theoretical background and illustrates;dby
éxample, use of the method to predict a machine performance for
the development or troubleshooting redesign. Ir. the proposed me~
thod the experimental model-analysis technique nrovides dynsmic
information about machine elements, which already exist and will
not be modified, FE spproach provides similar information abount
other elements, and system analysis is used in understanding ‘how
forcing functions interact with elements dynamics to produce an
adequate machine response.

BASIC PRINCIPLES AND CONCEPTS

To model properly the dynamics of e machine, which agsumed to
have n degrees of freedom, it is required to define or introduce
nt least an n number of generalized coordinates x's. The*equs-
tions of moticn for the overall machine (assuming a linear sys-
tem with viscous deamping), written in terms of these generalized
coordinates, have the following matrix form: .

[(u] X} + (] IX] + [K] (X} = (#(2)) (1)

Equations of similar form in terms df a get of locnl generali-
zed co-rdinates y's apply to each separate machine element. Fer
example, the following equation applies to the r-th element:

(ol n[yip+ Tel W lylpr (Klolyle= [p(e)i, (2)
Cexrtain elements, perhaps thosﬁ from previous design, may ba
modelled through modal tests while new or wmodified elements mey
be defined aunalytically using FE technique. Therefore, squations
mimilar to eq.(2) are deduced for all elements of the machine
and =11 of them e¢an be combined in the following matrix foxrm:

fmT (Y14 [e] [Y] + Q) LY) = [P(t)] (3)
Eq. (0, can be congidered as a set of equaticas of motion for
the group of elements before asserbly . Assembly 1s a physigal
process of ~onnecting these elements which gives rise to equa-

tions of constraint among the components of the vector [¥Y). Kow
Af there are in components in the vector [Y) and k equations of
constraint relating them; then there will exist & subset of
these components contailning n=m-k displacements that are indepen-
«dent. This subset may be relaled to that set by a linear trans-
formation

{¥l = [B] [X] (4)

The present analysis is limited to small displecements, 30 that
Yhe lifnear ‘assunption is not-violated. The ceonatruction.of itle
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matrix (B) requires knowledge of the constraints imposed on all
elements bv the system of connections. For example, at certain
gonnection a constraint may exist which requires that the tran-
slations of a common point on the r-th end s-ih elements be equal

i‘ef Yig® Yir

Qnother contraint may require that a emall rotations be equalz
¢r n ¢ s

in such cases, the treatment of all displacemeﬂt corniatraint at

the points of connections leads to a set of linear constraini’
équations among y's which can be expressed in matrix form
. ®

{r] {¥x] = 0 | (4%

Where (T] is & ¥ x m rectangular matrix of constant coefficle-
gts. This matrix may be partiticned in the following forms

‘7 = (G HJ]. Where (G] is a squere nocnsingular matrix of the
order k. Thus, eq.(4) can be expanded to

a1 f¥l;, + td] [y}, = o ' (é)

Therefore, the dependent set mpy be written in terms of the inde~
pendent set as

(vi, = -LaJ™l(m) (v} (5)

¥rom this, an equation can be derived that relates the complate
vector LYi to the independent subset

Y 1 ] | 1 | _ s
[v] = { “} - [ D) = | g q0silx = (8] [x) (D
Y, -6"1u} - -G~ 1H]

ﬁheré (S} is another linear transformation matrix introduced'for
convenience to re}ate the vector of (Y ) to the generalized disp-

jacement vector(X] of the mechine. SubBtitution of eq.(4) inuo
eq.()), followed by premultiplication by [Bl' yields

(8T [mIfBI0Y] + (BTI(eI(BILY] + Ls'10KITBILY] = (T} [RCE)I (8)
Comparing eq.{8) with eq.(1), the following identities

M =8mB,K =5

are noted

T T

k B, C =B ¢ B, Plt) = B> P(t) (%)
Tntroducing the concept of the modal coordinates of the Mo ALne
q's, then, another set of coordinates(q's) exists which. 17 uscd
instead of the generalized coordinates x's, wouid yield z se{ of
n individual equations each with one unkrown, rether then the
coupled set of equations [6]. The model coordinates of a machine
Y5 related ‘to the- generalized coordinates by.the equation .J
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The rows of [A] indicate the amount of each component of X
which fo. 18 one modal coordinate and is called a mode shape vec~
tor. The matrix [A] is determined through the medal snalysis by
the requirements that it decouple eq.{1l}. The uﬂCOUglgq squations
of motion in terms of cnly modal ceordinates cen be wriltian as

[“-} M +[e]la]+[x] [a] = Rt (11)

Eq.{11l)represent the siandard form of the overall machine irodel
fmplemented in the present approach.

SYSTEM ANALYSIS

Once the overeil mschine model has been develcped, it can be .
used to study forced wasponse by applying external loads to any
D.C.F. in the model. The leoads applied can take the form of

e force, displacement, velceity, or accelaration. Alteruntively,
the machine mod=zl can be manipulated to yield en eigenvaiue =pi-
ution; thax is, A modal dats base for tha characteristics of the
machine. This data base can be.modified o predict the effect of
altering eLcnan~a‘ configuration,constraint equations, stiffuess.
mags, and damping properties. The resulis of this analyaia cun in
turn be used to refine elements design as skhown in Fig. 1.

The snalyris procedures is standardized so as o faclliitste pro~
gramming for scolution by digiitsl computers. Cowmputer pregram al-
10wg an intersctive mode in px&dlCting beat solution and g,iaﬁ
,h@ user through verious input and output options. Once the oest

elution has been implemented through hardware modifications, the
machine may be tested agein to verify acceptadble machine pexfior-
mance,

! MODALLING OF ?
| MACHINE CLI%ENTS ’
§ 9x1$u1ng elements new elepents O T
i modal testing - FE ‘ i
? S j i
boundary OVERALL NACHINE external I
conditions ™ MODEL e force |
? o s s Sy S0 l
MALHINEj?butObh”J ELEMENTS |
MODIFICATION'
ELEMENT ANALYSIS %
: e, BCCEDLADe Y not acceptable |
[s10P }a — PERFORWANCE - A

Fig. 1 System analysis procedure to refine elements denign.

CASE STUDY

L. . T - - . ‘
Now that the basic principles and concepts of the present éﬁ%-
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rogch have been developed, this.section will deal with a prac-
tical application to illustrate the steps in the procedure. :
A manufacturer desired to reduce the amplitude of vibrations of"
a harve: 'er shaker in certain directions to avoid their damaging
effects. According to the proposed approach the development pro-
ject steps were: %l) Obtain modal model for existing well beha-
ved elements using modal testing; (2) Deduce analytical model
for other (new) elements; (3) Build machine model based on 1 & 2
above; (4) Develop machine performance and diagnose troubeshoo+
ting problems; (5? Simulate suggested modifications and obtain
best solution; (6) Implement the recommended sclution and verify
the performance of the modified machine thrcugh modal teating.

To accomplish the above objectives a global cartesian coordi-
nate system is defined for the machine as shown on the skeleton:
model of Fig.2. Another local coordinate system may be defined
for each element when it is convenience. A modal survey is then
performed for machine base and shaking mechanism using the follo-
wing hardware setup: (1) PCB piezotronics instrumented 1.1 kg.
hammer kit model K291A; (2) Bruel and Kjer triaxial accelerometer
model 4321.; (3) Bruel and Kjer charge amplifiers type 2635; (4)

‘Bruel and Kjer 4 channel FM tape recorder model 7003; (5) GenRad

model 2507 minicomputer and data acquisition system.

Modal Test

The choice of number of test stations for modal test depends on
the complexity of the tested element and the end use of the in-:
formation. For example, the response of the shaker base is mea-
sured by an accelerometer at 12 stations. Each of these stations
has 2 degree of freedom sc that the obtained model of the base :
has 36 DOF. A multiple impacting in the +x and -z directions on
a rubber pad at station No. 3 1s used to excite it. Although the
noise to signal ratio using this excitation method was relatively
low, it was greatly enhanced by averaging 20 averages. Recycling
the data 1is used when the frequency window become too small to
obtain enough averages during a single run. The use of a triaxisl
acgelerometer and a 4-channel recorder allowes us to simultaneou-
8ly record the data required to estimate the transfer function
of the 3 DOF at each point, thus reducing the number of tests by
a factor of 3 (in the field). Data processing is performed at a:
later time (in the laboratory) using the GenRad date acquisition
system. Typically, this is done by first qualifying all system
parameters i.e. sampling rate, triggering level, channels scale,
bandwidth..etc. The digitization rate necessary to properly de-
fine the waveform is taken2-3timex;[7], the highest frequency of
interest. The procedure of modal parameters calculation from di-
gital data are automated with an FFT program. Inertance response
plots are developed for the element under test and significant
resonant frequencies are noted and designated for automatic amp-
litude computation by the FFT program. The analytical expressioh
for TF and modal coefficints are obtained by the implementation
of a "weighted" least squares curve fitting technique. The vali-
dity of the model is checked oy recoastruction of functiona from
the modal data base. Fig. 3 compares measured frequency respose
function H 5to synthesiged one on Bode plot of amplitude and .
phase. Fig% 4 shows typical mode shape for the frame.at 14.2 Hz.

L. o
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' Fig.2 Machine skeleton model
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Fig. 4 Typical 3rd mode shape
: measured for the frame.

for one of the osci-

Fig. 5 Finite element mesh
llating arms. .

\

ALN

Anal¥tica1 Modellin%
he finite element technique is used to describe the dynamic

characteristics of the shaking heads, Fig 5. The matrix equa~
tions has been generated end reduced using Guyan reduction tech-
nique. Main emphasis is given to the sufficient matrix size to
ensure that the dynamic range accurately spans the frequency
range of interest in the problem.

Assembly of Models
The proposed method allowes the dynamic representation of the

overall machine to be obtained from element information. After

determining the property matrices for each element, the analy- .
sis program sssembles them in the machine dynamic stiffness,
mass, and damping matrices by congidering constraint and trans-
formation matrices (T) eand [S). Also, element forces are trans-
formed into machine forces by the same trensformatioéon. Thus, a :
set of equations of motion related to the machine 1is formulated.

%ystem Analysis :
he dynamic characteristics of the machine is then developed by
solving the above set of equations. Through the forementioned
transformation the element responses are then derived. Following
this, each element may be analyzed gseparately to determine all
constraint forces imposed upon it. Also, dynamic stresses, str-.
ains, deflections, or other responses may be determined as de- .
sired. The machine model is then used to similate analytically
the effects of different changes to the shaker design. Many cha=-
nges are evaluated following & step-by-step preccedure before

any hardware mcdificatiocns are recommended. The order im: which
these changes are studied is based upon the ease of implementa-
tion by the manufacturer. In each case a comparison is mede to .
the original modal model. To improve the performance of the sha-
ker it is recommended that the total machine stiffness to ground
velincreased in a series-of steps: (1) Stiffenin the suspension
in the vertical direction; (2) Increasing wheel (and/or pivot)
bearings stiffness by using different set of bearings. The ana-
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lysis alsc —eveals that machine resonances existed both above
an@-lz»e-l-ow-cu;rrem:..opera.t'.;lng..sapeed.aﬁ:er.t:he,mmi11‘1..(:&1:1c>ns....A.ny_l
changes in operating speed would need to be evaluated carefully.
before implementation.

‘Repults /erification

The modified narvester shaker is tested using modal analysis
method and the identified macuine characteristics is almost
identical to the estimated one. Deviation observed in natural
frequencies is less than 0.5 percent, for example. The forced +°
regpose of the shaker in operation showed a redyction of about
90 percent in the amplitude in the required directions. Fig. 6 .
shows the prototype of the harvester shaker after modifications.

CONCLUSIONS

A method is developed for analyzing the dynamic behaviour of a
complex machine that can be dismounted into interconnected ele=-.
ments. It combines experimental and analytical techniques into '
system analysis routine to provide an important information for
designing superior mechanical products. In the proposed method :
the generalized mess, stiffness, and damping matrices are deter-
mined, either analytically or experimentally, for each machine
element, as are generalized forces. The requirement of the sys-
tem continuity gives rise to equations of displacement compati-
bility at the connections. These equations of constraint are
used to determine a set of machine generalized coordinates eq- .
ual in number to the total number of element coordinates minus -
thé number of equations of constraint. Constraint equatioms are
used to construct a transformation relating element local coor-
dipste: to machine global coordinates. This transformation is
uséd to drive machine characteristice and forces from element
charac ceristics and forces. Overall machine equations of motion
sere formulated and solved to determine machine performance and
responses. Element responses are found using the transformation.
Connection forces are computed from the element equations. Each
element can then be isolated azd treated separately. :
This method alloWeg @n engineer to comprehend how variuos macin-
ine elements interact, even before the physical product is av-
aileble or assembled, and this can serve as a base line for fu-
ture modifications or designs. Using this hybrid method in trou-
bleshcsting problems eliminates many cut-and-try steps in deri-.
vihg a0 optimal solution. The information gained in the analy-
gis can idemtify not only a number of areas that would improve
system ;erformance, but also those that would have no effect or
actually worsen performance. Finally, the method can be used by:
designers at any step for correlatidn end verification of dedu-
ced analytical models.
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NOMENCLATURE

B transformation matrix
€,.¢ square matrix of machine (element) generalized damping

*  coefficient.
P(t) vector of time-dependent machine generalizecd forces.
G square nonsingular transformation matrix.
H: +transformation matrix.
K k square matrix of machine (element) generalized stiffness.
M m square matrix of machine (element) generalized mass. J
P(%) vector of time-dependent element generalized forces.

S transformation matrix
X,X,X vector of machine generalized displacements, velocities,
* and accelerations. :
Y,Y,Y vector of element generalized displacements, velocities,
~ and accelerations.
Y, vector of dependent variables.
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