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ABSTRACT

Synchrotron light source building of the accelerator has stringent vibration limits since the
performance of the optical devices and electronic equipments in the laboratory is strongly influenced
by the vibrations of the building. In this study, vibrations of the synchrotron light source building are
estimated using experimental modal analysis and force response simulation technique. Dynamic
properties of the building are identified from the modal parameters and vibration responses are
predicted from the force response simulation. A double anti vibration system is designed and applied
to the HVAC equipments and it has been shown that the measured vibrations of the building with the
double anti vibration system satisfy the vibration criteria.
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Nomenclature {F(t)} : Applied force vector in time domain
[H(w)]: Frequency response function matrix
Ay : k"™ mode shape scaling constant (K] : Stiffness matrix
[C]  : Damping matrix [M]  : Mass matrix
{F(s)} : Transformed applied forces Py, Pt : Poles of the kth mode
[Rk] : Residue matrix for the kth mode.
A8, AT Are] B &) S : Complex Laplace variable.
A EY, FUHSAY ()R $Uer)EdR s uk, ug  : Eigenvectors of the kth mode.
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{X(0)} : Initial displacement vector

{X(0)} : Initial velocity vector

{X(s)} : Transformed displacement response
{X(t)} : Displacement vector in time domain
{X(t)} : Velocity vector in time domain

{X (t)} : Acceleration vector in time domain
Ok : Modal damping of the kth mode

wx : Modal frequency of the kth mode

1. Introduction

Synchrotron light source, which is a very sensitive
equipment, requires environment with extremely

limited vibrations and should be located in areas as
far from external vibration sources as possible.
However, in many cases, the synchrotron light sour-
ce building is subjected to vibrations from rotating
machinery such as pumps, fans, compressors and
HVAC equipments. Specifically, HVAC equipments
are installed on the utility floor under which storage
rings and experimental lines are placed. Vibrations
of the utility floor contribute to the movement of
magnets, which cause error fields that distort the
electron orbit?. Hence, it is necessary to predict
the vibration to prevent the excessive vibration
responses of the building structure as well as sen-
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sitive equipments. If the predicted values are higher
than the vibration criteria, proper method must be
employed to attenuate the vibration.

In this study, vibrations of the synchrotron light
source building are estimated by employing a proce-
dure, shown in Fig. 1. Experimental modal analysis
involves the extraction of modal parameters by
dynamically testing the actual structure. Dynamic
properties of the structure can be identified from the
modal parameters. Force response simulations are
carried out to predict the response of the structure
to input force under different operating conditions of
the HVAC equipments.

2. Experimental Modal Analysis

The complete dynamic description of the structure
is represented by modal parameters, such as natural
frequency, damping-and mode shapes. Basically, two
experimental modal techniques are used for deter-
mining the modal parameters. The first is normal
modal testing method. The second is frequency
response function method. In this paper, parameter
estimation methods using frequency response func-
tion is used to determine the modal parameters.

2.1 Equation of Motion in the Laplace Domain-?
For a multiple degree of freedom system, the
elastic motion can be written by the following linear
differential equations.
[M]{X(t)}+[C]{X(t)}+[K]{X(t)}={F(t)} (D
where
[M]=the mass matrix
[C]=the damping matrix
[K]=the stiffness matrix
{X (t) }=displacement vector
{X (t)}=velocity vector
{X (t)} =acceleration vector
{F (t)}=applied force vector
When the Laplace transform is applied to linear
equation of motion (1), the transformed equation
becomes ;
s IMI{X ()} —s[MIX (0)} —[M}{X (0)}
+s[CHX(8)} —[CHX(0) } +[K}X ()} ={F (s)}
(2)

where

{X(s)}=the transformed displacement vector

{F (s) }=the transformed applied forces

{X (0) }=initial displacement

{X (0)}=initial velocity

s=complex Laplace variable(5+jw)
When initial conditions are zero, the equation (2)
can be rewritten in the system matrix form.

[B(s) (X (s)}={F(s)} (3)
where system matrix [B(s)] is s’ [M]+s[C]+[K]
and contains all the information concerning the
physical properties of structure.

The alternative of system matrix, transfer func-
tion matrix, is defined as the inverse of the system
matrix.

{X()}=[H(s)|{F(s)} (4)

where [H(s)] is the transfer function matrix.

2.2 Modal Parameters

When no external forces are present, the equation
(3) are reduced to the homogeneous equations. That
is, modal parameters are the solutions of the follow-
ing equations.

[B(s)[{X(s)}={0} (5)

The solution of equation (5) represents a complex
eigenvalue problem. The complex eigenvalues are
the modal frequencies and modal dampings which
cause the determinent of [B(s)] to be zero for
nontrival solution.

Determinant | B(s) |=0 (6)

If there are N DOFs in equation (5), there are 2N
eigenvalues but these always occur in complex con-
jugate pairs. Eigenvectors(ug, ux*) correspond to
these eigenvalues (Pg, P«*), but these also occur in
complex conjugate pairs. Hence, the eigensolutions
can be described as.
Px=o0x +jwx
Px*=ox—jwk for k=1to N (7)
[B (P J{ux}={0}
[B(PK*)]{UK*}:{O}

where
Px, Px*=poles of the kth mode
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ox=modal damping of the kth mode
wk=modal frequency of the kth mode
ux, ux* =eigenvectors of the kth mode.

2.3 Frequency Response Function

From the identity relationship of system matrix
and transfer function matrix, transfer function
matrix [H(s)] can be rewritten in partial fraction

form shown in the following equation.

He =2+ + IRl (8)

where [R¢]=the residue matrix for kth mode. The
trnasfer function matrix can also be written in terms
of poles and mode shapes.

[Ho)]= g Acdudlua | Al )

s—P

where Ax=the mode shape scaling constant for
mode k.

If the transfer function matrix is limited to values of
s having zero real part, this special case results in
the frequency response function matrix.

[H(w)]= é[A‘;g‘i}g‘K“}T + A“;g‘jf%,{::‘*}T] (10)

3. Modal Testing Procedure

3.1 Test Structure

Figure 2(a) shows the plane view of the storage
ring building and Fig. 2(b) is a cross sectional view.
The utility area of the storage ring building consists
of twelve floors which are simply supported by
twelve walls. Two HVAC systems are placed on
each floor. For the experimental modal testing, only
one floor is considered since other floors have same
size and are made of same materials. Attention is
focused on the vibrations of the utility floor because
small vibration of the sensitive equipments can be
expected once the vibration levels of the utility floor
satisfy the vibration requirements.

3.2 Measurement Locations and Condition

Impact tests have been carried out on the utility
floor to measure the frequency response functions
(FRF) of the structure. Figure 3 shows the in-

416/ HBZASTSBEHER /A 5H A 3E, 19954

strumentation setup. A large impact hammer was
devised and response signals are fed into a dual
channel spectrum analyzer and also recorded on a
portable tape recorder for future use. The recorded
FRF signals are analyzed using STAR software!®.
The test floor is modelled with 231 nodes as shown
in Fig. 4. Two HVAC systems are located at the
node 25 and 165, while an accelerometer is attached
to the location of the node 81.
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Fig. 2 Configurations of the test structure
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Fig. 4 Modelling of the utility floor

4. Modal Analysis and Results

Procedure for extracting the modal parameters
from the measured FRFs is accomplished by the
STAR package from SMS. The modal parameter
estimation is done by curve fitting. Figure 5 shows
an example for the measured and curve fitted FRFs.
For the test structure, Table 1 shows the frequencies
and dampings for the first two modes of vibration.
The first two mode shapes are shown in Fig. 6.
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Fig. 5 Measured and curve fitted FRFs
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Fig. 6 The first two mode shapes

5. Force Response Simulation

Vibrations of the synchrotron light source building
come from the HVAC equipments located in the
utility floor. The rotational frequency of the HVAC
equipments is 23 Hz. The Vibration responses of the
utility floor due to the HVAC systems are simulated
using force response simulation technique.

The unbalance forces generated by the HVAC
equipments were measured from the field test and
were below 750N at 23 Hz. Table 2 displays the
operating conditions of the HVAC equipments. Case
1 indicates the condition under which the HVAC
system at the node 25 operates, while that at the
node 165 does not. Case 2 is the opposite condition.
For the case 3, both HVAC systems operate at the
same time. The estimated vibration responses of the
utility floor are tabulated in Table 3. It has been
illustrated that the vibrations of the utility floor

Table 2 Operating conditions for the HVAC

Table 1 Modal parameters N HVAC at the HVAC at the
o.
Frequency Damping ratio node 25 node 165
Mode No.
[Hz] [%] Case 1 ON OFF
1 5.6 0.65 Case 2 OFF ON
2 11.3 1.21 Case 3 ON ON
SRLSTNSIHEX A5 A 3E, 19959417
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Table 3 Estimated vibrations w/o double anti vi-
bration system (mm/sec?)

No. Utility floor
Case 1 20-100
Case 2 20-150
Case 3 30-200

Table 4 Vibration criteria (RMS)

Utility floor Sensitive slab

4~20 Hz; 0.01xm

6 mm/sec?
Above 20 Hz;

0.1xm or 1.6 mm/sec?

exceed the vibration criteria for the building struc-
ture, shown in Table 4.

6. Double Anti Vibration System

To reduce the vibrations of the utility floor, a
double anti vibration system, shown in Fig. 7 is
designed. It consists of a HVAC equipment, a seis-
mic mass, and eight springs. The equations of mo-
tion of the double anti vibration system can be given
as

MiZ1+KiZi+ Ko (Zi—Z2) =0
MaZs+ K1 (Z1—Z2) =Fesin ot (11)

where M, and M, are the masses of the machine and
the additional mass, K; and K, are the spring con-
stants, and Z, and Z, are the displacements of the

masses M; and M,, respectively. F, is the driving .

HVAC
M Equipment

- Ki
Ka
Utility Area
Fig. 7 Double anti vibration system

M.
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force and  is the forcing frequency. The general
equations of motion of the two masses can be

written as
7, =FeeMip o (12)
Za(t) =@/ MZ*“’Z;{QI\)’[;"‘“Z/ Mo Fo it (13)
where
CU[ZZ%, w22=%22 (14)

f(w)=0"'"— [w22<1+ Mf >+ wlz]cu2+ o’w?  (15)

Transmissibility, which is the ratio of the transmit-

ted force to the driving force, is given as

Transmissibility = (16)

&Zilz Cz)12(1)22
F, f(a))
The double anti vibration system for the HVAC
equipments is desinged for the transmissibility to be
0.01. Table 5 and 6 show the specification of the
double anti vibration system and the estimated vi-
brations obtained from the force response simula-
tion, respectively. As shown, estimated vibration in
Table 6 are 10% of those in Table 3. This is due to

the fact that the transmissibility is 0.1.

Table 5 Specification of double anti vibration sys-

tem
Item Description
M, 4170 kg
M: 3250 kg
Ky 3270 kg f/cm
K. 750 kg f/cm

Table 6 Estimated vibrations with double anti vi-
bration system (mm/sec?)

No. Utility floor
Case 1 0.2-1
Case 2 0.2-15
Case 3 0.3-2
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7. Vibration Measurement at Site

After building construction and machine installa-
tion were completed, vibration responses of the
synchrotron light source building were measured
with all machines operated. The machines include
exhaust fans and twenty four HVAC equipments
with double anti vibration systems. The exhaust fans
were installed on the ceiling of the building. Figure 8
shows the measurement locations in the synchrotron
light source building. No. 1 and 2 indicate the loca-
tions on the top of a HVAC system and utility floor,
respectively. Figures 9 through 14 illustrate the fre-
quency spectrum of the vibrations and Table 7 sum-
marizes the results. In the table, U and S mean the
utility floor and storage ring, respectively. Blanks
indicate no peak responses at the corresponding

S ! Storage ring
U Utility floor

Fig. 8 Locations of vibration measurement
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Fig. 9 Measured vibrations of HVAC with double anti

vibration system at the No. 1

frequencies. Vibrations of the utility floors and stor-
age ring are in the ranges of vibration criteria.
Comparison of the responses on No. 1 with those on
No. 2 indicates that the double anti vibration system
reduces the vibrations of the utility floor to about
10% of the HVAC vibrations. This means that the
double anti vibration system is very effective to
reduce the vibrations of the HVAC equipment. Note
that there are marked changes in the response of
utility floors and the storage ring areas at the fre-
quency of 19 Hz, as shown in Figs. 11, 13 and 14. This
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Fig. 10 Measured vibrations of utility floor with double

anti vibration system at the No. 2

Table 7 Summary of measures vibrations with
double anti vibration system

Location |Amp Peak frequency (Hz)
12 | 19 | 23 | 27 | 30 | 50
1 a (21.0 100.0 85.0155.0
2 a 1.410.4 1.6 1.8 |0.8
U
3 a 0.713.7 2.4 1.0 10.7
4 a 1.20.3 2.3 0.4 |1.0
a 0.1 10.03 (0.06/0.15
5
S d 0.007/0.001
6 a 0.1 10.0110.01(0.04|0.03
d 0.007

S : Storage ring

U : Utility floor

a . Acceleration (mm/sec?)
d : Displacement (ym)
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Fig. 11 Measured vibrations of utility floor with double
anti vibration system at the No. 3
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Fig. 12 Measured vibrations of utility floor with double
anti vibration system at the No. 4

corresponds to the rotational frequency of the ex-
haust fans. This would suggest that the malfunction
of the exhaust fans can cause sudden increase of the
vibration levels of the utility floors and the storage
ring areas.

8. Conclusions

Vibrations of the synchrotron light source building
are estimated using experimental modal analysis
and force response simulation technique. Estimation
results show that the vibration levels of the utility
floor of the building are higher than the vibration
criteria. A double anti vibration system is designed
and applied to the HVAC equipments to reduce the
vibration amplitudes of the utility floor. As a result,
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Fig. 13 Measured vibrations of storage ring with double
anti vibration system at the No. 5
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Fig. 14 Measured vibrations of storage ring with double
anti vibration system at the No. 6

following conclusions are obtained.

(1) It is shown that the estimation procedure can
be effectively used to evaluate the vibrations of the
structure.

(2) Double anti vibration system can be employed
to reduce the vibration levels of the utility floor.

(3) Mesured vibrations of the building with dou-
ble anti vibration system satisfiy the vibration
criteria of the synchrotron light source building.

(4) Care should be taken when the exhaust fans
are operated because they can be a possible source
of the vibrations of the structure.
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