# 5.1 — Multi degree of freedom system

Given a two degree of freedom system,



# 5.1 — Multi degree of freedom system

Doing the free body diagram

and applying the Newton’s second law
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# 5.1 — Multi degree of freedom system

The system equations can be rewritten as

M3 (£)+ (K, + ko ) () + (6, +€, )%, (£) = Ko, (t) -
R )+ (K + ks i (8) + (¢ + €, ]k, (6) - ko (1)~

Or in matriz form

m, 0

0 m,

K+

_kl +k,

_k2

_k2

k2 +k3_

C1+C2

% (t)= (1)
X ()= 1,(t)

C2 +C3_




# 5.1 — Multi degree of freedom system: An Application

The two degree of freedom model can represent a simple model of the
suspension car, the rotor and isotropic support and the isolation system,
among others.
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# 5.1 — Multi degree of freedom system: An Application

The free body diagram is
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# 5.1 — Multi degree of freedom system: An Application

and applying the Newton’s second law

f(t)—k (x—108)—c,(x=1,6)—k, (x+1,8)—c, (% +1,8)=mx(t)

k (X =1,0)1;, +c,(x—1,8)1, + M (t)—k, (x+1,8) 1, —c,(x+1,8)1, =1, B(t)



# 5.1 — Multi degree of freedom system: An Application

and in matrix form

m O C, +C, C,l, —¢l k, +K, Kl =k,
{ }{q}{c zi{q}{ }{q}#f(t)}

2 2 2

af=q ¢ (=1




# 5.1 — Influence Coefficient Method

Stiffness: The reaction force introducing by the elastic properties is, as saw,
given by

n
Q= 2 Ky,
=




# 5.1 — Influence Coefficient Method

If we supposed that the “s” coordinates is 1 and another ones, with j#s, are
0, the resultant force to produce such situation it will, numerically, equals
to the column of stiffness matrix

qs :1’ and qj;ts =0 » Ql — k|S

This procedure allows us to find the K matrix.

The same concept can be applied to the damping and inertial matrix. In
theses cases we use the velocity and acceleration coordinates, instead the

displacement coordinates.



# 5.1 — Influence Coefficient Method: Example 1

Use this method for the example above, considering

a) g,=1and g, =0;




# 5.1 — Influence Coefficient Method: Example 1

The resultant force is given by

ZFverticaI:O :>_k1_k2+k1120 — k11:k1+k2
SM,=0 = k=Kl +kp =0 = Ky =k, I, —k,,

Then we find the first column of the stiffness matrix



# 5.1 — Influence Coefficient Method: Example 1

b) g,=1 and ¢, =0;




# 5.1 — Influence Coefficient Method: Example 1

The resultant force is given by

> P =0 = =Ko + k1=Kl 1=0 = k;, =k,l, —k,l,
SM,=0 = K LL+k bl +k, =0 = k,, =k 17k, I2

k,+k, kI, -kl
kL, =kl K12 +k]l}




# 5.1 — Influence Coefficient Method: Example 1

In a similar way, doing

a) ¢, =1 and ¢g,=0; and
b) g,=1 and ¢, =0,

c,+C, c,l,—cl,
c,l,—c)l, c,l2 + cllf_




# 5.1 — Influence Coefficient Method: Example 1

Lastly, for the inertial matrix

a) g,=1 and ¢, =0;

1Y



# 5.1 — Influence Coefficient Method: Example 1

Then, the first column of the inertial matrix

D F=my-mt =0 = m,;=m

D My=my=0 = my=0



# 5.1 — Influence Coefficient Method: Example 1

b) ¢,=1and ¢, =0;
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# 5.1 — Influence Coefficient Method: Example 1

Zszmlzzo = m, =0

ZMA:O =My, =g, =my, —lg =0 = m, =lg




# 5.1 — Influence Coefficient Method: Example 1

Then, the equation of motion is, in matrix simplified notation

M{G(®) }+Cla® }+Kia®) )= ()

where

m 0 ql(t) € +C C2|2_01I1 ql(t) k1+k2 k2|2_k1|1 ql(t) _ f(t)
0 g L6(1) N C,l, —cil, C2|22+C1|12 q,(t) " Kol, —kily k2|22+k1|12 q,(t) _{M(t)}




# 5.1 — Influence Coefficient Method: Example 2

The second example represents a water tank in the cities, the middle of the
part of the Stockbridge, among others real systems.




# 5.1 — Influence Coefficient Method: Example 2

It is known, for elasticity theory, that the external excitation applied in the
free end of a beam elements produce the follow deformation:
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# 5.1 — Influence Coefficient Method: Example 2

a) g,=1and g, =0;
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# 5.1 — Influence Coefficient Method: Example 2

b) g,=1 and ¢, =0;
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# 5.1 — Influence Coefficient Method: Example 2

For the inertial matrix

a) §,=1 and ¢, =0;




# 5.1 — Influence Coefficient Method: Example 2

b) ¢,=1and ¢, =0;

) |

L .
B, g

> F,=m,-met,=0 = m,=me

. 2 .. 2
dYM,=0 =m,—l,6,-me®°d,=0 = m,=I;+me



or

# 5.1 — Influence Coefficient Method: Example 2

Th

en, the equation of motion is

|

e JeoL 200 301

me |, +me® ||q,(t) __6E%2 45%_

M{G(t) |+ Clact) -+ Kilalt) = f ()




# 5.1 — Influence Coefficient Method of Flexibility

For mechanical systems, the calculation of the stiffness matrix,
through the influence coefficients of stiffness, requires the resolution
of an equation system.

This leads, in general, to an excessive computational cost.

For another hands, K can be calculated by the inverse of the flexible
matrix.

AF=AK g AF =q

0, =2 fi =22, 1,
i=1 =1



# 5.1 — Influence Coefficient Method of Flexibility

Considering the case below



# 5.1 — Influence Coefficient Method of Flexibility

As known




# 5.1 — Influence Coefficient Method of Flexibility

a) F=1land F_ =0




# 5.1 — Influence Coefficient Method of Flexibility

The first column of the flexibility matrix will be
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# 5.1 — Influence Coefficient Method of Flexibility

b) F,=1and F_ =0

&
i 0{'21 04"73.1.




# 5.1 — Influence Coefficient Method of Flexibility

b) F;=1and F_ =0

‘{E} ® 33




# 5.1 — Influence Coefficient Method of Flexibility

And the matrix Kand M are

K=A"

'm0
M=|0 m,
0 0

_%1 %62 48_

%62 %1 Y
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# 6 - Mathematical Model of Non Rotating Systems

The equation of motion of the multi-degree systems is given by

qr» Q2 Qo

[ 1 [ [ | [ [ [ []

Ll

M dit)+Ct)+Kalt)=f(t)

q(t) generalized coordinates, nx1
f(t)  generalized forces, nx1
generalized mass matrix, nxn

M
K generalized stiffness matrix, nxn
C

generalized damping matrix, nxn
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# Mathematical Model of Non Rotating Systems

In the frequency domain

q9r Qe Qn
[T T T T T T T T 1]

VAT

oM +inc+KR(Q)=F(Q)

Using the below transformation matrix, and taking only a few
eigenvectors who are into the frequency range of interest

- T

Q(Q)nxl = Ci)nxﬁ FA’(Q)ﬁxl and pre-multiplying by @

Ax1

36
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# Mathematical Model of Non Rotating Systems

Considering a orthogonal properties of
the eigenvectors and the
orthonormalized characteristic, it is
possible to obtain

OMo= O'KO=A

0'CO=| 20

The equation of motion in the modal sub-space is given by

oI, J+iqr,, J+ A, P(Q) = N(Q)= 0" F(Q)

AXA AXA
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# Mathematical Model of Non Rotating Systems

So, it is possible to obtain the response IS(Q) ) Q(Q)

B(0)- D) 6 F(@)

Configuration

Then, the solution in the configuration
space, q(t), is:

‘ Q©@)=6[B©)| & Flo)
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# Equivalent Generalized Parameters

How to model the dynamic absorbers, such that, when attached to the
structure to be controlled, the model of the compound system will be
simple and inexpensive of the computational point of view

Absorber Ma - %—‘ Eagl 50
L0 D oo o P ao Ao
m 2 | ot
P System
i |_J|-_||: i |_JI-_||:' L
Z(Q)= F(©Q) Z(Q)=c_(Q)+iom_(Q)

(ESPINDOLA e SILVA,1992)

39
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# Equivalent Generalized Parameters
i i R Lo e
L0 o) R %D a0 o
m | | = m 1
k |_+_|.: ke L+_|'5'
C(Q)=m o r(6) Q) o (O)= _m MO’ —g(ﬂ)[lw(fl)z
O T @y ™ e @) + ) )y
where ~ G(Q) - Q _Im(G(Q))
WGa) o, " Reelo)



# Equivalent Generalized Parameters

Different types of model to different applications

27/11/2013 41

m,(Q) c,(Q) Q
—_ In
e =1y +(2le) T (e -1 +(2%)? m
~ r(ﬁ}{é‘—r{ﬂ}[ +1(Q)]) 0 r(Q)N(Q)e’ [LG.(Q,)
e Q) +(r(Q)n(Q))° (& —r(Q) +(r(Qn(Q))’ m
—[1+(2 2c¢ s [ 1250 ]
—m— :’( gf} ],} me, . 3 lfﬁS,‘IHS] :
(e7=1)" +(20e) (€7 =1)" +(2¢¢) |
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(1-%)" +(2L.e)" (1-£7)" +(2(,e) LC
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# Equivalent Generalized Parameters

X(@) DS
m (@) T C,(Q)
L6(0) W [m@] |

Primary System Primary System

The primary system "feels" the absorber as being a equivalent mass m,(2)
attached to the generalized coordinate q;(t) and a equivalent viscous damper
with constant c..(€2), connected to the ground.

Therefore, the dynamics of the resultant system (primary + absorbers) can be
formulated in terms of the generalized coordinates of the primary system,
where Q(Q) is representative, despite the new system now having added
degrees of freedom. This is the main advantage of the generalized equivalent
quantities concept.
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# The Mathematical Model of Compound System

N
N gn gz On
[ ———1 [ [ [ [ [ [ T[]
N
N
\
N \J\}
N
[ I T [ [ [ [ [ [T T I T[]
N
RV
N
I [ T T T [ T T 1 [ ]
N == C == Cr

Then, the solution in the modal sub-space

for the primary system

In the stationary system, the equation of
motion for the compound system is

- O?M +i0C + K R(Q)=F(Q)

M =M+ - =M +M_(Q)

=C+C,()

43
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# The Mathematical Model of Compound System

Pre-multipliyng the equation of motion by
the transpose eigenvectors,
considering the orthonormalized
characteristic, it is possible to obtain

OMO=1+M,(Q) ©'KO=A

'Co=| 20 |+C,(Q)

Then, the solution in the modal sub-space
for the primary system

~

Lol +M,@)+ioln,, +C, @)+ A, P(Q)= N(Q)

~

44
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# The Mathematical Model of Compound System

P(Q)=[D(@Q)]" e’ F(2)

Then, the solution in the configuration
space, q(t), is:

The FRF of the compound
systems is:

H(Q)=0[D(Q)[" e’

45
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# 7 - Nonlinear Optimization Techniques

The optimization problem is defined by:




# Nonlinear Optimization Techniques

Graphically:

|P(€2)

L= JOLAXY +(LAXY + (LX) +.




# Nonlinear Optimization Techniques

The objective function is defined by

. ()= | max B2 x)
where
X = (0, Qe )

After optimization procedure, the DVA's
natural frequencies Q,, are known.
Then, it is possible to do a physical
realization.

27/11/2013
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# A thin steel plate — doctoral work

PISA/CNPq group

49

Frequency Response Function (FRF)

Steel
systonization mass

Aluminium
central nucleus

Viscoelastic
Material

Inertance Modulus [dB]

201

10F

-30

10 F

-0 F

ﬂ!
i

measured

0

200

(=N} 1000 1200

00

400

Frequenc Hz

1400 1800



50

27/11/2013

# A power transmission line
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# A power transmission line
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7,6 15,0 T=9000 [N]
%{ <z Warnig Spheres 0,85
= . — 1 % 1
T w \ _ T Dynamometer
Station 3 Station 22 Station 79
Stockbridge ~ Station 20 Stockbridge
Lenght in meters Station 62
_Nibrafion Excitef

Stockbridge vs DVA
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# A power transmission line

Dynamic viscoelastic absorber

total additional mass ( 2,5% a 10%);

efficiently in a large frequency band;

allows more axial force on the transmission line;
then minor curve of the line;

Low towers.
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# Instability-Chatter in Turning Processes

Set-up for the Tool Holder with Dynamic Absorber
to eliminate Instability-Chatter in Turning Processes g

Without neutralizer

,  With neutralizer
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N
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# Instability-Chatter in Turning Processes

Without neutralizer

With neutralizer

Surface profile of the workpiece machined

54
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# The Numerical example and experimental setup

incident wave transmitted wave
s, Fa £
(0 ==JIIIHIT —=
NI
reflected w;}ve —),,\(—

A typical Fiber Bragg Grating (FBG) has a
central wavelength reflected spectrum =)
given by

Az =2n4 A

Disregargl_il_ng %hehvariationdof te;}nperature
, which occurred in the present .
work, the change in Bragg wavelength ) Ay =4 (1_ Pe )gxx
due to application of a longitudinal
strain is
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# The Numerical example and experimental setup

a4
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# The Numerical example and experimental setup

Voltagem (volts)

Electronic filter to reduce
unwanted vibrations

56 kQ
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———————— C2 para C1
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# The Numerical example and experimental setup

Finite Element Model )

Modal Analysis of the
dynamic system
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# The Numerical example and experimental setup

Optimal design of the
dynamic viscoelastic
neutralizer
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# FEM of Hydroelectric Group

Level of axial vibration = 16 mm/s

Thrust bearihng —» '

Six legged 2l 53T
crosspiece el ; i

Guide bearing ———————» G

AN o Generator
DAL SpTIN ’ 9 2008 Finite Elements shaft :
PLOT NO. 1§

Rigd —»
coupling

Turbine shaft —»

Guide
bearing

Turbine
Runner

\ 4

.820E-04 001175 4002F68 003361 004454
629603 .001722 002815 .003908 .005001_|
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# FEM of Hydroelectric Group
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# FEM of Hydroelectric Group

An Absorber in its Mounting Recess

Panoramic View of the Six-Legged Crosspiece
Showing an Dynamic Absorber Installed.
After DVA, the level of axial vibration

= 2.5mm/s
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# 8 - Rotating Systems

The rotor rig used in this work

([} @oEaeis

Dynamic absorber

2, 4 e 5 — The steel disks

—=2, 3 e 8 — The ball bearings

N L ! 6 - The floating ball bearing

At 7 - The alloy disk

9 — The steel shaft
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* Rotor Equations

In the frequency domain

oM +iolc+6(Q,, )+ K R(Q)= F(Q)

In term of the state variables

S et e

Considering the associated eigenvalue problem /

BO=AA0 l Solving the whole system for all

speed range, it is possible to obtain
BTW =] ATW the Campbell diagram.



* Rotor Equations

Campbell diagram
— Q
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* Rotating System with Dynamic Absorbers

Using the equivalent generalized concept

. C.(@) M (@ ~ g0 o0
[A(Q)]:{Me((ﬂ)) O( )} [B(Q)]— {O M, (Q)}

0 0 0 0] 0 0 0 O
o 0 m,(Q) 0 O 0 c. (@) 0 O

M . Q)= : Ceq(Q):

0 0 m, (©) 0 0 0 c, (@) 0

0 0 0 0] 0 0 0 O
K(Q)Z A+ ,Z\(Q) Foragiven ()

rm

50)=8+30) ™ o Rar Bl Q=N
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# The Response of the Compound System

Using the eigenvector of the matrix transformation

Y (Q)=06P(Q)
It is possible to find the response in the modal space state
P(Q)= il +#7 A6+ (4+ 7 Bo)| ¥ N(Q)

Then, the response q(t) can be obtained with a inverse Fourier
transformation of the response in the space state using de
transformation matrix = right eigenvector.

67
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# Optimal Design of the Dynamic Absorbers

The objective function is defined by

fCOSt (X):‘ maX

(0,

IS(Q,X)M

where

X = (0, Qe )

After optimization procedure, the DVA's
natural frequencies Q,, are known.

Then, it is possible to do a physical
realization.
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Numerical Simulation

RotorDin - Geometry
LAVIB 1D N2D

FEM model. Modal Analysis.
‘ Modal Parameters of the
- Rotor System

Compound System Model.
' Optimal Design of the
Dynamic Absorber
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* Numerical Simulation

After optimization procedure, the DVA's
natural frequencies Q,, are known.

Then, it is possible to do a physical
realization.
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Numerical Solution

Then the first 16 eigenvalues have been used. The barrier frequencies were
33 and 100 Hz and the DVA's initial natural frequency was adopted to be 59 Hz.

Contrale - Unbalance Fesponse 2000qmmm)
Dizsplacerment - LAVIE 10 M2 - butilica 2930k
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.‘. : Lo i : exc.=13 mea=11

The optimal natural
frequency of the four
absorbers is
Q,=60.2 Hz.
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# Experimental Setup

Dynamic absorber

2, 4 e 5 — The steel disks

| 3 ¢ 8- The ball bearings
| 6 - The floating ball bearing

7 - The alloy disk

9 — The steel shaft

The rotor rig



Inertance (dB) ref=1 imiMs*2)

Frequency Response Function

Control - Freguency Response
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Contral - Frequency Response
Inertance — LAVIE 1D N4D - butilica 288{K)

. __num_ wo
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Frequency {Hz)

with 4 dynamic absorbers

numerical curves
experimental curves
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exp =

73



# Experimental Setup

2 - The dynamic orbit measuring has
been done using a 90 (degrees)
proximeters set

Reference

1 - Kind of excursion limiters
2 - Proximiter set

3 - Dynamic Viscoelastic Absorbers

Without Absorbers

Y axis

27/11/2013

31,86 Hz
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# Experimental Setup

2 - The dynamic orbit measuring has
been done using a 90 (degrees)
proximeters set

2 Absorbers

1 - Kind of excursion limiters
2 - Proximiter set
3 - Dynamic Viscoelastic Absorbers

With 4 Absorbers

W axis

¥ axis

27/11/2013
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# Experimental Setup

the excursion limiters

76
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# Experimental Setup
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# Rotors with Flexible Bearings

The instability problems, when working at high rotations, can be solved by including
damping in the bearings.

Wiccoelastic
M\?T.eriul

Wizcoelactic
Iiaterial

:::::::::::::::::::::::::

fa) (k)

Viscoelastic Material

Wiccoe lastic
m aterial

el (d]
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# Rotors with Flexible Bearings

Qpm=cte
L4 ; Q;
: /
o —
| .
-__-._ /
o -
| (b o
$- —
I _-_-_-_H—H-H-H_'
L s ﬂ1 (al L_‘!rpm
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# Rotors with Flexible Bearings

The instability problems, when working at high rotations, can be solved by including
damping in the bearings.
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# Works in Progress — Laboratory of Sound and Vibration
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# Rotors with Flexible Bearings

The instability problems, when working at high rotations, can be solved by including
damping in the bearings.
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# Rotors with Flexible Bearings

The instability problems, when working at hlgh rotations, can be solved by including
damping in the bearings. /
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# Rotors with Flexible Bearings
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# The Numerical example and experimental setup of Constrained Layers and
Sandwich beams

85
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The Numerical example and experimental setup of Constrained Layers
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# The Numerical example and experimental setup of Constrained Layers

Curvas do modelo computacional cormpleto para diferentes N°de modos considerados
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# The Numerical example and experimental setup of Constrained Layers

Zoom da FRF medida e obtida numericamente
ao redor do quarto modo

Curvas do modelo computacional completo para diferentes N°de modos considerados
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# Helmholtz ressonators
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# Helmholtz ressonators




# Modal Analysis

o Modal Parameters
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# Numerical simulations
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# Experimental Results
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# Optimal design of the viscoelastic neutralizer applied a
non linear systems
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# Optimal design of the viscoelastic neutralizer applied a
non linear systems




Projeto otimo dos neutralizadores:

Arquivos |Dadus da estrutura | Pardmetros de cilculo | Dados dos neutral, | Mat. Viscoelastico | Calcular | Ajuda | Opcoes |

Selecione o caminha para os arguivos de Dados de Entrada - Fortran

% C:\usutbavastrilbavastri_ant\bavastri\cefet\PPGEMherbertiHerberts\executaveis\Lavib_Interface\exemplos

Selecione o caminhao para os arguivos de Parametros modais

% 20a70.eig

Selecione o caminha para o arguivo de Desenho da estrutura

%

.J Informar posicdo

Parémetro de execucdo
i] Otimizagao e Grafico de FRF (FX0,FFO)
A

Iniciar novo projeto

Carregar dados
anteriores

Encerrar o programa
@ ol

ERERAERTRAREECES
LT
R Ea

FRF do sistemna primario

HAGH s
MKIFINWIIIIIIIIIIIIII\II‘IWI
III

2D253D354D455I]555I355?EI

Graficar: Gerar FRF

Inertancia Tl C I}

. Pontode Pontode
AUtomatico eycitacdn resposta

2 G

 Lmite  Limite
AUtomMAYCO nferior  Superior

o 20 70




Projeto otimo dos neutralizadores:

Arquivos ~ Dados da estrutura |Par§|metrus de calculo | Dados dos neutral. | Mat, Viscoelastico | Calcular | Ajuda | Opcoes |

Origem dos parametros modais Mimero de graus de liberdade
Al
(7) ANSYS g 20
() ICATS .Nﬂmeru de modos identificados
421
=
Tipo de entrada

dos modos: _ _
y Analisar arquivo

‘ Normal de parémetros modais

Tipo de Funcao Objetivo (TIPOSAI)
i,l Delta dirac em um ponta

“Ponto jde H () Ponto
44 = B
7, )

[=]
[=]
Pt
m

T

Tipo do gréfico de resposta (TIPOSALL) Graficar:
)| resposta no panto px0 a um delta de dirac no ponta pfd Inertdnda =
A

Ponto de excitacdo para graficar FPonto de resposta para araficar

- E 2
-~ -

Encerrar o programa

FRF do sistema priméario __H _4“!" |

L
B TR IS

MKI]IHWIIIIIHIIIIIIIII\II‘IWI

I
20 25 30 35 40 45 50 55 60 65 70

Graficar: Gerar FRF

Inerténcia \_I L ﬁ}

. Pontode Ponto de
Automatico excitacdo resposta

2 G

. Limite Limite
AUtOMAYCO nfarior  Superior

20 70




Projeto otimo dos neutralizadores:
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Projeto otimo dos neutralizadores:

Arguivos | Dados da estrutura | Parémetros de cilocule  Dados dos neutral. |Mat. Viscoelastico | Caloular | Ajuda | Opgies |

‘Modelo de neutralizador
i,l Modelo de Meutralizador Com Centro de Percussdo
A

Mumero de neutralizadores
e';l 7 Posicionar
. graficamente
Posicdo Freqgliéncia Restricio Restricao
Modal Matural (Hz) | Inferior (Hz) | Superior (Hz)
2 30 10 30
78 30 10 30

Massa do Mideo
o1
=

Encerrar o programa

FRF do sistema primario __H '&1"5'| |

20253035%45%556065?0

Graficar: Gerar FRF

Inertanca T' . i}

. Pontode Pontode
AUtomatic ey citacso resposta

2 4

 Lmite  Limite
AUtomatco jnferior  Superior

20 70




Projeto otimo dos neutralizadores:
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Projeto otimo dos neutralizadores:
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