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Abstracr

The Folterra kernels af non-linear sysierms have been stindied for sonme iime
row. The multidimensional Fowrier tramsform of Folterra kernels reswlts the
higher arder Frequency Responve Functions (FRF s} of the system. These
can predict aspect af the nomlinear system behaviar wnobtginable from. the
conventional first order FRF (linear FRF), which is for a non-lincar sysicm
represents Iincarisation af the system. The rotor-hearing svsiem, whick is
stuclicd in thiy research, is an experimental set wp that was built 1o srudy che
non-linear phenomenon. Many researches have been studied the dyhedamic
characteristic of continuous rotor-bearing sysiem using Modal Analysis and
peeudo-modal. method. Unfortunately. thase reseirches. mever consider the
nonlinear gspect of the svstem. Rolling element beaving ax one of the main
companent af the rofor-bearing system has been widely knowr to have mon-
linear stiffess. Based on the asswmprion thay the nonlinearity hehinior was
possessed by the rolling element bearing only, then the non-linear resprense
of the system can be predicted. The move accurate prediction of the response
can Be oblained using modal analysis method that is modified by Vollerra
Sunctional series theory then using linearised-system method

Keywords: Volterra kernel, multidimensional Fourier transforms, froquency
response function

Introduction

Turbomachinery is widely used in the processing based industry. The main components of
this type of machinery is a rotor-shafl and its supperting system which have a predominant
role as a vibration system, Some of the rotating components of the system have non-linear
property. This is due to the fact there are many hannonic signals appearcd on the observation
of the system vibration response when it is rotated on a certain frequency.

One of the main components in rotor-shaft system is ball bearing, which is used to support
the rotating components. Many researchers confirmed that ball bearing - has non-linear
stiffess.  This non-linearity affects the whole dynamic characteristic of the rotor-shaft
system. The model of non-linear response of the rotor-shaft vibration system is based on the
assumption that non-linearity of the system is dominated by the ball-bearing characteristic.

The Yolterra Functional Series that is used to predict response of non-linear vibration have
been widely developed for some time now. By modeling the Volterra kernels and the higher
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order Frequency Response Functions (FREF's) then the vibration response duc to a certain
excitation can be predicted.

Modeling of the Volterra kernels and the higher order FRF's of rotor-shaft vibration system
is carried out by utilizing modal analysis method and Finite' Rotating Element method. The
main objective of this research is to combine both methods mentioned above with the
Volterra Functional Series in-application of predicting the non-linear vibration response. in
the rotor-shaft system.

Finite Rotating Element Method

In this research activities, the finite rotating element method was utilized to predict the
dynamic characteristic of the rotor-shaft system. The applied method considers three main
components that make up rotor-shaft system, i.e. disk (rotor), shaft and bearing. Beside
those components, previous researches[ 1 0] has shown that dynamic characteristics of overall
system are heavily influenced by the support structures, thus support structures of the rotor-
shaft system can not be neglected in vibration response prediction.

In order to consider the influence of the supportsstructures on overall system, then the modal
parameters of some supporting-structures should be obtained. These parameters will be used
to modify element matrices, which are needed for finite element modeling, The modeled
structures of the rotor-shait system, including the support structures is shown in Figure 1.
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Figure 1. Rotor-shaft aystem modal

Experimental FRF of support structures showed that the structure has two mode shapes along
the span frequency of measurement. According to the measured FRF, one can apply two
kinds of curve-fitting method, i.e.. |-DOF (Single Degree of Freedom) and 2-DOF (Two
Degrees of Freedom) curve-fitting methods. Figure 2 and Figure 3. show the FRF
measurement of the support structure and the typical obtained curve-fitting process both for
single-DOF and two-DOF respectively.

By using curve-fitting technique available in Matlab® software package, the dynamic
parameters of the support-structure, i.e.; modal mass, modal stiffness and modal damping
can be obtained, Aflerwards, those dynamic parameters will be used to modify the element
matrices, which are needed in the finite rotating element method.

Figure 4, 5§ and & show the comparison between FRF obtained from the theoretical modeling
and from the experimental cng. Figure 4 and Figure 5 show the estimated FRF of the rotor-
shaft system, which was calculated by using finite element method that has been modified by
introducing the support-structures of the rotor-shaft system, while Figure 6 shows the FRF
curve obtained from the measurements using shock excitation method.
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Flgure Z Single DOF curve-fitting of FRF Support Structure

Fi

i g L L
|

| T 200r Conn Fieed ‘[

k| 28

2=

x

Magnitude

1.5 - &

. | |
s J

ol / ==
a B0 TR -
Frequency (Hz)

Figure 3. Two DOF curve-fitting of FRF Support Structure
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Flgura 5. Eatimatad FRF of Rotor-Shaft system using 2-DOF Support-Structure model
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Figura &, Experimeantal FRF of Rotor-Shalt syatem

Based on the above figures (4, § and 6), the estimated FRF's from modeling show good
agreement to the experimental data. Although the higher degree-of-freedom l:nmlel of the
support-structures as shown in Figure 5 shows better agreement to the experimental data,
both models indicate no significant difference. Therefore, for the sake of simplicity, IfmF
support-structure model will be used to evaluate the higher-order FRF, which will be

discussed in the next paragraph.

Volterra Funciional Series

The relationship between an input x and an output y for a non-linear time-invariant system
can be expressed as[10}:
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Equation (1) above is called the Volterra Functional Series, and the function hy, hy, etc. are
called the Volterra kernels of the system. For a linear system, all kernels except hy are zero
and the series is reduced to the convolution integral of x(t) with the impulse response hy, A
lincar system can be characterized by its impulse response function. Therefore, in the same
way, a non-linear system could be completely characterized by all Volterra kemnels.
Practically, one can not deal with all kernels, 50 the series has to be truncated, usually 1o by
and h; only.

Regarding to the conventional linear-FRF, the Volterra series extends the familiar concept of
the convolution integral. In the analysis of linear systems, the relationship between the
impulse response function hit) and the FRF H{w) is already well known using Fourier
Transform. An equivalent relationship can be defined for the corresponding Volterra kernels
in the Volterra series, again by using Multi-Dimensional Fourier Transform, as shown in

equation (2).
Holjoycjog) = [ [Pg (e zale o tblde,  de, (2)
] —

The multi-dimensional higher order FRF’s can be used to explain how systems are excited

by a broadband random signal, or in a simple manner by a multi-frequency excitation. As an

illustration, let us consider a two-order system with a two-tone excitation input m, and o,

The output can be expressed as follows:

yalt)=Ha[xy + X 5 +Xp + X p]=

=Ha[x,]+Halx_ o]+ Halxp] + Ha[x p]+ 2Ha {x, X o} + 2Hz {Xp. X g}
+ 2Hp{xg X p} + 2Ha {x g %} + 2Ho{x 5. x p} + 2Ha (X4, %p )} :

()

According to the output as shown in equation (3) above, the output can be concluded 1o have
a form as a superposition of the response of each input, and the response, which are formed
by the summation of each input-frequency (the last four terms). This phenomenon is called
as inter-modulation.

Higher Order FRF of Multi-Degree of Freedom System

An N-degree of freedom system can be physically represented by N point masses,
interconnected and grounded by MN(N+1) springs and dampers, Each mass represents one
degree of freedom as shown in Figure 7.
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Figure ¥, Hon-linear multl-degres of fresdom vibration system
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The higher-order FEF of a multi-depree of freedom system can he obtained by evaluating
this following cquation[10]:

HH”
‘I.H { 1 MHrz . ; i
{ g ling 4 --"'HH:'} _.—-ﬁnunallnear terms; {4)
HHnt.
The subscript 5 represents point of applicd foree npat, while subseript ¢ represents point of
measured displucement. 1t can be inferred based on equation (4} shove, that the higher-order

FRF is completely expressed by the set of [irstorder FRF and the cocfiicients of higher-
order lerms - in the stiffness polinomial function:

Result and Pscussion

By using first-order FRF, which is obtained from finite rotating clement method and support-
structurcs model, the higher-order FRE can be predicted. Typical resulis abtained from this
analysis are shown m Figure 8, Figoee 9 and Figuee (O

Secong Jrder FRT of Rope-Shall Sysiem
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Figura 8. Second-order FRF of tho retor-ahaft system
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Flgure 10, Conlourof Second-Ordor FRF in dB scale

Based on FRFx of the rotor-shafl system, which are shown in figures above, response of the
system exced atcertuin frequencies can be predicied. Generally speaking, rotor-shafi
system usuably are excited by two kinds of excitation, ¢ unbalance, -which is chamcterized
by response at Ixlpm-. and misalignment, -usually eharacterized by response at I xRpm snd
2B pm, The Volerra Functional Series is carcicd out 1o simulate vibmation response due (o
the existence of unbalance mass and misalignment.

Figure L1 shows resull of theoretical analysis of response that. cansed by unbalance and
misalignment, which is- produced by adding & 80 gram mass 1o the rotor and rotate the
system at 20 Hx, According to the figure, it can be seen that the response has some
harmonic-frequency compoients. Mathematically, those harmonic companets are resulted
by higher-order Volterra kernels and effect of inter-modulation. To verify the theoretical
result, an experimental testing has been conducted ag shown in Figure 12. The test is
conducted by applymng the similar condition with theoretical model.

The next wmodeling is performed with applying - excitation force caused by 80 grams
unbalance mass and 26 Hz rotation speed. Theorctical and cxperimental result can be seen
respectively in Figore 13 and Figure 14,

Conclusion

Based on the results obtained fram the theoretical and experimental activities the followimg

conclusions can be drawn as follows:

1. -Higher-order degree of freedom that is introduced to the support-structure model yiclds a
closer agreement results between the theoretical and the experimental FRFs of the full-
scale rotor-shaft system.

2. The gpplication of Vollerra Functional Serics to Finite Rotating Element and Modal
Analysis Method shows good results in prediction the vibration response.

3. Inter-modulation effect plays a crucial role ‘in predicting the  non-linear  vibration
response. This phenomenon can be shown clearly as a rolating system excited by
unbalance and misalignment excitation force, which the summation of both excitation
frequencies close to the natural frequency of the system.

B I R T SO T I Y S



346 Feied a0t FTROVENL 3, N2, 1999 SUPLIAI

20
10 —
0 A'l il
1] 100 200 00 400 S L T a0
10

0 100 204 300 400 500 =1 T goo

i /\v \J/\V \J[\v u/

0 00F o004 006 008 01 0.2 014 06 018 - 0.2

0.2

Figure 11, Theoretical analysis of vibration response causad by unbalance (80 grams, 20 Hz) and
misalignrment
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Figure 12. Exparimental result of vibration response caused by unbalance (80 grams, 20 Hz) and
misalignment
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Figure 13. Theorotical analysis of vibration response caused by unbalance (80 grams, 26 Hz) and
misalignament -
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Figure 14. Experimental result of vibration response caused by unbalance (B0 grams, 26 Hz) snd
misalignment
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