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Abstract. This study explores the floor micro-vibrations induced by the automated guided vehicles
(AGVs) in liquid-crystal-display (LCD) factories. The relationships between moving loads and both the
vehicle weights and speeds were constructed by a modified Kanai-Tajimi (MKT) power spectral density
(PSD) function whose best-fitting parameters were obtained through a regression analysis by using
experimental acceleration responses of a small-scale three-span continuous beam model obtained in the
laboratory. The AGV induced floor micro-vibrations under various AGV weights and speeds were then
assessed by the proposed regressional MKT model. Simulation results indicate that the maximum floor
micro-vibrations of the target LCD factory fall within the VC-B and VC-C levels when AGV moves at a
lower speed of 1.0 m/s, while they may exceed the acceptable VC-B level when AGV moves at a higher
speed of 1.5 m/s. The simulated floor micro-vibration levels are comparable to those of typical LCD
factories induced by AGVs moving normally at a speed between 1.0 m/s and 2.0 m/s. Therefore, the
numerical algorithm that integrates a simplified sub-structural multi-span continuous beam model and a
proposed regressional MKT moving force model can provide a satisfactory prediction of AGV-induced floor
micro-vibrations in LCD factories, if proper parameters of the MKT moving force model are adopted.

Keywords: micro-vibration; automated guided vehicle (AGV); liquid-crystal-display (LCD); moving
loads; modified Kanai-Tajimi model; power spectral density (PSD)

1. Introduction

The development of thin-film-transistor liquid-crystal-display (TFT-LCD) (Jang and Choi 2006)
has become one of the fastest growing industries in the past decade, especially in Korea, Japan,
China, and Taiwan, due to the strong market demand for products such as displays for computers,
mobile telephones, digital cameras, and flat-screen televisions. The TFT-LCD industry specialises
in glass panels as opposed to silicon wafer, which is used in the semiconductor industry, but adopts
similar micro-vibration criteria, fabrication processes, and equipment. The manufacturing
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o
Fig. 1 Automated guided vehicles used in LCD factories
(http://www.muratec.net/mac/products/fpd/agv.html)

processes of silicon wafers and glass panels are susceptible to a variety of vibration sources.
Significant interior vibration sources include pumps, motors, carts, servo robots, conveying
systems, personnel walking (Nguyen et al. 2012), and automated material handling systems
(AMHS, Jang and Choi 2006). Exterior ground-borne sources may include supply mechanical
equipment in neighbouring buildings, nearby traffic, rail lines (high-speed trains), and pile
construction. If the ambient floor vibration does not meet the vibration criteria, a satisfactory
production yield of the chips or displays will not be achieved. The BBN (Bolt, Beranek, and
Newman) vibration criterion (VC) is one of the most popular criteria used for vibration-sensitive
equipment in high-tech industry (Gordon 1991). The VC curves are a set of one-third octave band
velocity spectra labeled as VC-A, VC-B, VC-C, VC-D, and VC-E (Fig. 2) that correspond to the
allowable root-mean-square (RMS) velocity from 2000 p-inch/s to 125 p-inch/s within a
frequency ranging from 8 Hz to 100 Hz. For frequencies below 8 Hz, the VC curves allow for
greater vibration velocity because this frequency range lies below the lowest natural (resonance)
frequency of most of the equipment, as indicated by Gordon (1991). Normally, the VC-B (1000 p-
inch/s) or VC-C (500 u-inch/s) levels are acceptable for most vibration-sensitive tools, as required
by the LCD manufacturers (Tang et al. 2009).

Over the last two decades, micro-vibrations have been extensively studied in the context of
human comfort and production yield for office buildings, biotechnology or metrology labs, and
semiconductor factories (Ungar and White 1979, Pavic and Reynolds 2002, Ungar et al. 2004,
Pavic and Reynolds 2003, Willford et al. 2005, Pan et al. 2008, Zivanovié and Pavi¢ 2009, Pan et
al. 2001, Xu and Hong 2008, Ju 2009, Yang and Agrawal 2000, Xu et al. 2004, Xu and Guo
2006). Most of the studies presented in the literature focused on the floor vibrations induced by
exterior ground-borne traffic (train) excitations or from the personnel walking and mechanical
disturbance sources inside the building. However, those adverse vibrations that are directly
induced by moving vehicles on the production floor in high technology fabrication facilities (or
called ‘fab’) have rarely been considered in the design phase. Currently, the transportation of glass
panels between processing tools in LCD factories is generally accomplished by automated guided
vehicles (AGVs shown in Fig. 1), rail guided vehicles (RGVs), and stockers (Jang and Choi,
2006). As a consequence, most of the LCD factories encounter interior vehicle-induced floor
micro-vibration problems when they begin operations. Fig. 2 shows typical AGV- or stocker-
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induced floor micro-vibration spectra measured by the authors in several LCD factories, in which
“RC Floor” and “Foundation” are used to represent the vibrations measured on the RC floors and
on the top surfaces of the foundations that support precision tools, respectively. The micro-
vibration in the vertical direction (Z) is shown to be more pronounced than those in the horizontal
directions (X and Y), and the peak floor micro-vibration may reach the VC-B level or even exceed
the VC-A level, depending on the AGV weight and moving speed. The AGVs, RGVs, and
stockers have been found to induce considerably more significant floor micro-vibrations than
personnel walking or nearby traffic, and this has become more serious in the LCD industry as
increasingly larger glass panels are being manufactured.

DISPLACEMENT (um) DISPLACEMENT (um)
S S &
s @@ & s o &
1000 & 1000— &
El o El o
B RC Floor ] RC Fioor
b == x ] B x
i .
) —2— z N% 7 o= v %,
%, —— 2 || %y
SPEC. % 10 S
1003 A & 3 &
] A . _ | A =
= B = 8 1 27 &
g ] . E 3 . &
H NN g 5 W N o
SO / ARG % & z w0 7N % 2
E 3 ERVAN o [} E = i
G 3 ] u ] ] i
e} b o o ] r A4 9
o R 8] w 4 VC-E. o
g b - o > <
1 N > < 7
%
12
< %
= % % 17 X i
i o,
9, 0r T T T %
0.1 T T T %
: 1.00 10.00 100.00 1000.00
1.00 10.00 100.00 1000.00 ONE-THIRD OCTAVE BAND FREQUENCY (Hz)
ONE-THIRD OCTAVE BAND FREQUENCY (Hz)
Displacement (m) Displacement (m)
& &
& » « N O <
1E+0 S = e 1E+0 = . o
RC Floor RC Floor
11— x o 1E1H 34— x o™
—— v —— v
o 1E2f Az o™ o E2l —A— Z oo™
3 (> % 2 vc
2 v 2 ve
£ .« £ &
S 1E3 % o™ S 1E3 S o
2 )ﬁ > c
S A gt g " T
S s 1w g £ s w g
> R > =
%) c [%2] c
= 0, S = 0, S
@ 1Es a1 © @ 1Es Yoo @
< 2
8 8
0 0
166 %o < 1E6 % K
0,
1E-7 951 1E-7 0‘719@/
0.1 10 100 00.0 1000.0 01 10 100 00.0 1000.0
One-Third Octave Frequency (Hz) One-Third Octave Frequency (Hz)
Displacement (m) Displacement (m)
& S R N S «
1E+0 < & 2 e 1640 < ¢ o o
—H— RcFloor —— RCFloor
1] —H— o™ 1E1 ] —F— o
g 1E2 < o g 1E2 < o™
& o
S 1E3 S s, o & 1E3 = o
z c z
3 3
= 1 = = 2 =
2 1E-4 ¥ Yal 5 g 1E-4 9al ?53
[2] =3 (%2} c
z oy, B E oy, £
[F3 121 Y @ X 1Es o T
2 2
8 8
o o,
1E6 0 & 1E6 g &
) 0
1E-7 00’05/ 1E-7 0‘71175,
01 10000 01 1000.0

1.0 100 X 10 100 100.0
One-Third Octave Frequency (Hz) One-Third Octave Frequency (Hz)

Fig. 2 Measured AGV- or stocker-induced micro-vibration spectra in typical LCD factories
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Fig. 3 Elevation view of typical double-cleanroom LCD building (Lee ef al. 2012b)

Fig. 3 illustrates a typical double-fab LCD building with two clean rooms (Wang et al. 2003,
Lee et al. 2012b), where a reinforced concrete (RC) waffle slab (Howard and Hansen 2003)
supported by two-way grillage beams with a depth of 1.2 m, or a flat RC slab (“‘cheese” slab) with
a thickness of 0.6 to 0.8 m supported by long-span steel mega trusses are often adopted in order to
minimise the micro-vibration. The column span that supports the upper clean-room may vary from
19.2 m to more than 30 m, depending on the manufacturing generation of the mother glass size.
The moving loads induced by AGVs that run in specific routes also apply directly to the long-span
floors. The commercial finite element (FE) software such as ETABS (2002) or SAP2000 (2005)
are often used to conduct the dynamic time history analysis of civil structures and facility
buildings. Although the moving load analysis for bridges may be conducted by using the
SAP2000, it may not be adequate for the analysis of the AGV-induced floor micro-vibration in
LCD factories. The most popular types of floors built in LCD factories are the waffle slabs and
cheese floors with the air ventilation holes. A large number of meshed floor elements is needed to
construct the building models. In addition, high frequency vibration responses of up to 100 Hz are
of interest as required by the tool manufacturers and users. Therefore, a significantly large number
of vibration modes and an infinitesimal time interval are required to preserve the desired numerical
stability and accuracy. Moreover, the moving pace of the AGVs in clean rooms is normally less
than 2.0 m/s to prevent the glass panels from damage, implying the necessity to include a
relatively long time duration in the analysis. These all together makes the analysis of the AGV-
induced floor micro-vibration a time-consuming task. To simplify the task, Lee et al. (2012a,
2012b) proposed an equivalent simplified sub-structural multi-span continuous beam model to
simulate the multi-span cheese floor of a single bay travelled by the AGV of a LCD factory
without the need to construct a finite element model of the entire storey. The flexural rigidity was
adjusted such that the fundamental frequency of the beam model is close to the in-situ measured
first-mode floor vibration frequency. In these studies, the two-axle AGV was simulated as a pair of
concentrated moving loads generated by a modified Kanai-Tajimi (MKT) power spectral density
(PSD) function (Clough and Penzien, 1993, Yang and Agrawal 2000) considering various
bandwidths. However, an identical AGV moving force PSD was used for different AGV moving
speeds, which may not be a realistic assumption. Therefore, a more reasonable moving force
pattern (intensity and bandwidth) corresponding to various vehicle weights and speeds should be
developed for assessing the floor micro-vibration induced by AGVs moving with different
conditions.

The moving force or contact force identification techniques that may be performed in time
domain or frequency domain for vehicles moving on simply supported beams or multi-span
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continuous bridges have been extensively studied and well developed over the last decade (Law et
al. 1997, 1999, Chan et al. 1999, Chan et al. 2000, 2001a, b, Jiang et al. 2003, Yu and Chan 2003,
2007, Au et al. 2004, Chan et al. 2006, Deng and Cai 2010, 2011, Law and Zhu 2011). Among
these studies, the unknown vehicle moving forces were normally identified through a beam
element model (simulated as the lumped masses interconnected by massless beam elements), a
continuous beam model (Euler’s beam theory), or a finite element model, together with the
simulated or experimental dynamic responses such as displacement, acceleration, bending
moment, or strain time history data. The practical aspects in moving load identification such as
measurement noise level, sampling frequency, number of vibration modes, number of measuring
locations, road surface roughness and moving speed of vehicle were explored and discussed by
Zhu and Law (2002). In addition to beam elements, the moving force identification was further
extended for a simply supported orthotropic plate system by Law et al. (2007). Despite the fact
that the moving force time histories could be identified by the proposed identification methods;
however, the relationships between moving force spectra and both the vehicle weights and speeds
were rarely further explored and constructed. If reasonable moving force spectra corresponding to
various vehicle weights and speeds can be developed, the more reliable vehicle-induced responses
of bridges or beams can be predicted. Therefore, this study intends to construct the relationships
between moving force spectra and both the vehicle weights and moving speeds through a series of
vehicle-induced vibration tests of a multi-span continuous steel beam model conducted in this
study.

This study began with a series of vehicle-induced vibration tests of a small-scale three-span
continuous steel beam model conducted in the laboratory to obtain a realistic moving load pattern
(intensity and bandwidth) by using the experimental acceleration time history data. The best-fitting
parameters that govern the MKT moving force PSDs under various vehicle static weights and
moving speeds were then obtained through a regression analysis by using the experimentally
identified moving force spectra. Finally, the floor micro-vibrations of a simplified sub-structural
multi-span continuous beam model for a target LCD factory (Lee et al. 2012a, b) induced by AGV
engine forces that were simulated by the proposed regressional MKT moving force PSDs for
various AGV weights and moving speeds were assessed.

2. Theory of moving force identification

The equation of motion of a beam considering »n vibration modes subjected to N concentrated
moving loads can be represented as (Zheng et al. 1998, Lee et al. 2012a, 2012b)

Md(r) + Ca(r) + Ka(z) = EP(r) (1)
where M = [m;;] is the n X n mass matrix, C = [¢;] is the n X n damping matrix, K = [k;] is the n %
4, ()

q,(t)

n stiffness matrix, ((¢) = the n x 1 modal displacement vector,

q,(t)
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Xl[xpl(t)] Xl [po(t)] e Xl [xpN (t)]
Xolx,,(®)] Xolx,,(®)] - Xo[x (t
= 2l :pl( ) 2L :pZ( ) . 2L :pN( ) is the n X N location matrix of the moving
Xulx, (O] Xp[x,, (O] - Xp[x,0(0)]
A()
P (¢
loads on the beam, P(¢) = 2,( ) is the N x 1 moving load vector, and the mass and stiffness
B ()
coefficients of the beam can be obtained as
L
m; = IO PA(X)X;(x)X ; (x)dx (2a)
L ” n
ky = jo EI(x)X](x)X")(x)dx (2b)

where p is the density, £ is the Young’s modulus, A(x) is the cross-sectional area, /(x) is the
moment of inertia of the cross-section, Xi(x) is the ith vibration mode that satisfies the boundary
conditions of the supports, and X/(x) denotes the curvature of the ith vibration mode of the beam.
It should be noted that the mode shapes of multi-span continuous beam adopted in this study are
obtained by using the modified beam vibration functions (MBVF) as proposed by Zheng et al.
(1998).

The vertical displacement of the beam, w(x,?), can be represented as

w0 = Y g4 (X, (x) 3)
i=1

where 1, (< n) is the identified or available number of the vibration modes that are considered in
calculating the dynamic responses, and ¢,(?) is the corresponding ith generalised coordinate. If the
total number of accelerometers installed on a beam is #, then the acceleration response vector at

sensor locations (X = [x 7 Xy e xn]T ) can be represented as
W(xp,1) Xi(x)  Xp(x) - X, () 51 (1)
W(x,,t X(x X, (x e X (x G (t
WR.1) = (:2 ) _ 1(: 2) 2§ 2) | nS:( 2) qs%()
: : : : : : 4)
WX, 1) - Xi(x)) Xa(x,) - X, (x,) e, Gon (1) nxl
= X4, (1)

The modal acceleration vector can be obtained from the measured acceleration responses by
using the pseudo-inverse (Borse 1997) as
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A, (1) = XTW(X, 1) (52)

where X7 is the pseudo-inverse of the mode shape matrix, X, at sensor locations. Similarly, the
modal velocity and displacement vectors can be obtained, respectively, as:

q, () = X "W(X,t) (5b)
q,(t) = X 'W(X,1) (5¢)

Substituting Egs. (5a), (5b) and (5¢) into Eq. (1), the moving load vector can be identified as
P(x =vt,t) = EX(MX*W(X,t) + CX " W(X, 1) + KX W(X,1)) (6)

in which E™ is the pseudo-inverse of the location matrix of the moving loads and it exists only
when the number of vibration mode is smaller or equal to the number of sensors employed, E,
and v is the vehicle moving speed. It should be noted that the dimension of E in Eq. (6) would be
ng X N.

The Egs. (1) to (6) will be adopted later in Section 4.2 to identify the moving load time
histories of a vehicle with two axles travelling on a three-span continuous steel beam model by
using the experimental vibration response data obtained in the laboratory.

3. State-space procedure algorithm

The analytical solution to Eq. (1) of a beam system with zero initial conditions can be obtained
by a recursive difference state-space equation as (Lopez-Almansa et al. 1988, Wang et al. 2001,
Lee et al. 2012a, b)

Z[k +1]= Az[k]+ E,P[k]+ E,P[k +1] (7)

qlk +1]
qlk +1]

In this equation, z[k +1] z{ } is the 2n x 1 state vector, A=eA AL is the 2n x 2n

0 |

M-TK IVI_IC:| 1s the 2n X 2n

discrete-time system matrix, Af is the sampling time, A= {
- 1 -
continuous-time system matrix, Eq = [(A*) 'A +X(A*) 2(l - A)}E* is the 2n x N discrete-
¢
*\ — 1 *\ — * .
time moving load matrix of the previous time step, E, = [— (A" +A_(A YA - I)}E is
t

the 2n x N discrete-time moving load matrix of the current time step, and E’ ={ | :l is the
-ME

2n % N continuous-time moving load matrix.
Eq. (7) will be used to obtain the numerical vibration time histories of a three-span continuous
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steel beam model subjected to the identified moving load time histories (Section 4.2), and those of
a target TFT-LCD factory subjected to AGV moving loads simulated by the modified Kanai-
Tajimi PSD function (Section 5.3).

4. Experimental setup and results
4.1 Experimental setup

In order to obtain the moving load pattern (intensity and bandwidth) induced by a vehicle with
various weights and moving speeds, a series of dynamic tests for a small-scale three-span
continuous steel beam model with a width of 0.15m and a total length of 3m (Fig. 4) were
conducted in the laboratory. The accelerometers (Model: 352C68, frequency range: 0.5 to 10000
Hz, PCB PIEZOTRONICS) were installed at the central and one-quarter locations of each span of
the beam to monitor the vertical acceleration time histories induced by a two-axle vehicle. As a
result, acceleration time histories at six sensor locations were obtained synchronously in this study.
The moving speed of the two-axle vehicle was controlled by using motors with different
revolutions per minute (RPM) of 60, 150, 200, and 400, and the vehicle weight was simulated by
using mass blocks with W =13.00 N, 19.98 N, 24.97 N, 33.71 N, and 40.45 N in the experiment.

Fig. 4 Experimental setup of vehicle-induced floor vibration tests
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4.2 Experimental results

As shown in Eq. (6), the dynamic moving forces of a vehicle can be obtained by using the
acceleration, velocity and displacement responses of a beam. In this study, the vertical acceleration
response ( W(X,7)) of the three-span continuous steel beam was obtained directly from the
experimental tests, while the velocity ( W(X,#)) and displacement ( W(X,?) ) responses were
numerically computed by integrating the acceleration response with respect to time, once and
twice, respectively. It should be noted that the frequency contents of the experimental acceleration
response below the frequency of 3.0 Hz were filtered out before performing the integration. The
frequency of 3.0 Hz is far from the first natural (predominated) frequency (14.063 Hz) of the
three-span continuous steel beam model; therefore, less predominated acceleration response would
be filtered out, whereas the numerical stable and accurate integrated velocity and displacement
time histories can be achieved. Moreover, n, = 4 (modes) was used when performing the moving
force identification and the dynamic analysis of the three-span continuous steel beam model. It
should be noted that a mass per unit length of p4 = 7.0740 kg/m and a flexural rigidity of E/ = 567
N-m” of the continuous beam model were determined based on a cross-sectional dimension of
0.15m % 0.006m, so that the four natural vibration frequencies were found to be 14.063 Hz, 18.021
Hz, 26.725 Hz, and 81.631 Hz from eigen-analysis of the mass and stiffness matrices (Egs. (2a)
and 2(b)). Moreover, a 3% damping ratio is assumed for each vibration mode.

Fig. 5 shows the experimental vertical acceleration time histories monitored at six locations of
the three-span continuous steel beam model, in which the sampling period is 6.05 x 10™* s, and the
average moving speed of the vehicle with W = 40.45 N driven by a 400-RPM motor, is 0.55m/s.
Due to the paper length limitation, only partial experimental results are presented in this paper.

Fig. 6(a) presents the comparisons of beam vibration spectra induced by the vehicle with W =
40.45 N moving at various speeds, in which the vibration tends to increase with the vehicle speed
in the higher frequency range regardless of the measurement locations. The comparisons of
vibration spectra induced by the vehicle with various weights driven by a 400-RPM motor are
shown in Fig. 6(b), in which the vibration tends to slightly increase with the vehicle weight in the
lower frequency range regardless of the measurement locations. The results demonstrate that the
vehicle weight and moving speed may have significant effects on beam vibrations due to different
frequency contents of vehicle moving loads. It should be noted that in order to obtain the clearer
vibration spectral trend of the relatively stiffer continuous steel beam model under various vehicle
weights and speeds, the larger vehicle weights within the range of 6% to 19% of the total beam
weight were used in this study.

Fig. 7 shows the identified dynamic moving force time histories of axle 1 obtained by using Eq.
(6) for a vehicle with various weights driven by a 400-RPM motor. The moving forces are found
to be more significant as vehicle moves toward the intermediate supports of the three-span
continuous steel beam near which the mode shape values are close to zero. As a result, the
numerical singularity problem may occur due to the use of the pseudo-inverse of the location
matrix of the moving loads, E*, which was computed based on the singular value decomposition
(SVD) method (Borse 1997). In order to obtain numerically stable results, a tolerance value of
0.28 was used in this study such that any singular values less than the tolerance value were treated
as zero. It should be noted that any value between 0.10 and 0.28 could be selected as the tolerance
value to obtain the stable numerical results in this case. If the identified dynamic moving forces of
the two axles (N = 2) are substituted into Eq. (7), the numerical acceleration response at the central
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location of the middle span (point 4) of the three-span continuous steel beam model can be
obtained by the SSP algorithm and shown in Fig. 8(a). In order to investigate the accuracy of the
numerical random vibration response, the Fourier acceleration spectra were further transformed to
the RMS acceleration spectra in one-third octave frequency band (Fig. 8(b)), which is a more
concise spectrum format in the engineering application as compared to the Fourier spectrum.
Moreover, a global error index (GEI) is defined herein as the ratio of the sum of the squares of the
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ny
> [RMS,(f.;) - RMS, (f,))]
GEI = =1 . 100% (8)
> RMS,(f;)

i=1

in which f;; is the ith centre frequency (Gordon 1991) defined in the one-third octave frequency
band, RMS, is the experimental RMS acceleration, RMS, is the numerical RMS acceleration
obtained using the identified moving force, and nyis the maximum number of the centre frequency
considered. The GEI at point 4 of the case of RPM = 400 and W = 40.45 N as shown in Fig. 8(b)
is 9.12%, in which we can find that the major difference between the experimental and numerical
RMS acceleration spectra is from the frequency contents above 100 Hz. This result is reasonable
because only the first four vibration modes (7, = 4) with the highest frequency of 81.631 Hz was
used in the numerical simulation. In the series of vehicle-induced beam vibration tests conducted
in this study, the maximum GEI of 13.07%, the minimum GEI of 7.48% and the average GEI of
10.96% at point 4 were obtained from the error surface as shown in Fig. 12(a). This indicates that
the dynamic moving force (or engine force) time histories can be identified by using the
experimental acceleration time histories data with satisfactory accuracy.

4.3 Regression analysis of the modified Kanai-Tajimi model

A modified Kanai-Tajimi (MKT) power spectral density (PSD) function (Clough and Penzien
1993, Yang and Agrawal 2000) is adopted in this study to simulate the vehicle moving forces (or
engine forces) in a frequency-domain format as

[L+4E2 (/LIS 1) Ss
(=AY +AE D= () LT +4E(f )

where fi, &, > and &, are the constant parameters (where f; and f; control the upper bound and
lower bound of the predominant bandwidth of the moving force, respectively), and S is the force
intensity. The best-fitting parameters of the MKT model such as the lower-bounded frequency f,
and the moving force intensity Sy, can be obtained by using the identified moving force spectra and

F(f)=

©)

a given upper-bounded frequency f;. It should be noted that S(f used in this study is a constant

PSD function, which represents white noise. Therefore, the moving force PSD with a desired
bandwidth and intensity can be obtained by modulating a white noise signal through the MKT
filtering functions in terms of £}, &, f5, & and S,

The identified one-sided dynamic moving force PSD can be obtained as

2
Py =2BLE

(10)
in which P(f) is the Fourier transform of the identified dynamic moving force time history P(¢),
and T is the total duration of the history data.

This study further computes the one-third octave band RMS moving force spectra as (Amick
and Bui 1991, Yang and Agrawal 2000)
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112/,
Ris(fu) =, 2 BN (11
0.89 1,

in which 0.89f;; and 1.12f,; are, respectively, the lower-bounded and upper-bounded frequencies of
the bandwidth (0.23f;,) for the ith centre frequency, and Af'is the resolution (or frequency interval)
of the Fourier spectrum P(f). The relationship between the i+1th and ith centre frequencies can be
represented as fu = 23¢. For instance, if the first centre frequency is f,; = 1 Hz, the
corresponding lower-bounded and upper-bounded frequencies are 0.89 Hz and 1.12 Hz,
respectively; the second centre frequency can be obtained as f, = 2'® x 1 = 1.25 Hz, and the
corresponding lower-bounded and upper-bounded frequencies are 1.12 Hz and 1.41 Hz,
respectively.

Fig. 9(a) shows the identified one-third octave band RMS moving force spectra of the two -axle
vehicle with RPM = 400 and W = 40.45 N, in which the upper-bounded frequency of the
predominate bandwidth is found to be around 160 Hz. Therefore, the parameter f; of the MKT
model is fixed to be 160 Hz. In order to obtain an optimal lower-bounded frequency f; of the MKT
moving force PSD, the sum of the squares of the error between the experimental and MKT-
simulated RMS moving force spectra for each centre frequency within 160 Hz is computed by
varying f,. The value £, that minimises the sum of the squares of the error is the optimal lower-
bounded frequency. It should be noted that the parameters, &, &, and Sy are manually adjusted
when obtaining the sum of the squares of the error with the varying parameter f;.

The optimal lower-bounded frequencies of the MKT model for the axle 1 and axle 2 are f,= 72
Hz (with &= 0.20, &= 0.15, and Sp= 0.10) and f, = 77 Hz (with & = 0.15, &= 0.17, and S, = 0.10),
respectively, at which the sums of the squares of the error are minima, as shown in Fig. 9(b).
Moreover, the experimental and MKT-PSD-simulated one-third octave band RMS moving force
spectra have shown to be consistent as illustrated in Fig. 9(a). The MKT moving force PSDs
simulated by the aforementioned parameters for the two-axle vehicle with RPM = 400 and W =
40.45 N are presented in Fig. 9(c).
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Fig. 9 MKT model: (a) RMS moving force spectra; (b) sum of the squares of the error with f;

(c) best-fitting PSDs
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Fig. 9 Continued

If all the parameters of the MKT model corresponding to various vehicle weights and speeds are
obtained, a regressional MKT model can be further constructed. From the experimental tests
conducted in this study, we obtained a maximum upper-bounded frequency f; of 160 Hz, a
maximum vehicle weight W, of 40.45 N, a maximum vehicle speed v« of 0.63 m/s (for the case
with W = 19.98 N and RPM = 400), and a maximum moving force intensity Soma.x of 0.10.
Moreover, by introducing the dimensionless parameters such as the normalised lower-bounded

frequency defined as f, = f,/f, , the normalised intensity as Sy =Sy/Somax » the normalised
weight as W =W /W,
W and v for the axle 1 of the vehicle are shown in Fig. 10(a) and Fig. 11(a), respectively. The

best-fitting equations associated with the identified dimensionless parameters of the MKT model
can be obtained by performing a regression analysis and summarised as

. » and the normalised speed as v = v/v,,, , the identified f, and S, with

f> =0.3471-0.3342 +0.72607 +0.1774W % —0.3988v2 — 0.1040Wv (Axle 1) (12a)

7, =0. -0. W +0.2977v +0. W= —0.1728v° +0.0811Wv (Axle2) (12b)
5 =0.4428 — 0.3485 +0.2977v +0.1628W % —0.1728v> +0.08 1 1I¥



558 C.L. Lee, RK.L. Su and Y.P. Wang

So =—0.1133+0.4327W +0.5277v — 0.4068 > — 0.0585v> + 0.6940/v (Axle 1) (13a)

So =—0.1315+0.4066W +0.6507v —0.3513W 2 —0.0584v% + 0.5850/v (Axle2) (13b)

The regressional fz and 50 with W and v for the axle 1 of the vehicle are shown in Fig.
10(b) and Fig. 11(b), respectively. From the regressional Egs. (12) and (13), the normalised lower-
bounded frequency f, and the normalised intensity S, of the MKT moving force model for

specific weight and speed of a vehicle can be determined.

Fig. 12(a) illustrates the error (GEI as defined in Eq. (8)) surface at point 4 for the case with the
excitation as the identified moving force, from which the maximum GEI of 13.07%, the minimum
GEI of 7.48% and the average GEI of 10.96% are obtained. Similarly, the error surface at point 4
for the case with the excitation as the MKT-simulated moving force is illustrated in Fig. 12(b), in
which the maximum, the minimum and the average GEIs are 19.43%, 7.08 and 12.03%,
respectively. The maximum error between the results shown in Figs. 12(a) and 12(b) is 9.35%,
which indicates that the moving force patterns for various vehicle weights and speeds in this
experimental study can be numerically simulated by the MKT model with satisfactory accuracy if
the proper parameters, such as f, and S, determined from the proposed regressioanl Eqs. (12)

and (13), together with &= 0.10 and &= 0.30 are used. This study will adopt the similar moving
load pattern as the proposed regressional MKT model to simulate the AGV engine forces when
conducting the dynamic analysis of AGV-induced floor micro-vibrations in LCD factory as will be
explored later.
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(a) experimental; (b) regression analysis



559

AGV-induced floor micro-vibration assessment in LCD factories

Axle 1 (Experimental)

(a)

Normalised Vehicle Weight

Normalised Moving Speed

Axle 1 (Regression Analysis)

0S PasifeuloN

(b)

Fig. 11 The normalised intensity S, of the MKT model (Axle 1): (a) experimental; (b) regression analysis

Normalised Vehicle Weight

Normalised Moving Speed

Error of RMS Acceleration Spectrum (Input: Identified Moving Force)

R e e
Lo
ror o
L
ST T
L_L_i—d_L
[T
[ T D
[T
[
L I N
[ T
L i i
[
O i BRI
[
I D
[
[ T U
[
o
[ L R R N
| T T U U S U
ror oo r Ay
L T T R R
L e B e |

\ \ \

30
25
20
5
0
5
[}
1

CI
(%) 139

\

Normalised Vehicle Weight

Normalised Moving Speed

Error of RMS Acceleration Spectrum (Input: MKT-simulated Moving Force)

Normalised Vehicle Weight

Fig. 12 The GEI of RMS acceleration spectra at point 4: (a) input: identified moving force;

Normalised Moving Speed

(b) input: MK T-simulated moving force



560 C.L. Lee, RK.L. Suand Y.P. Wang

0 36 72 108
us

Fig. 13 Illustration of AGV moving loads on an equivalent three-span beam model

5. Assessment of AGV-induced floor micro-vibration
5.1 The target LCD factory

The LCD facility building illustrated in Fig. 3 is considered in the study. Since the vertical floor
vibration is in essence a localised behaviour of the structure, and the vibration is most pronounced
along the AGV moving bay, a simplified sub-structural three-span continuous beam model
subjected to moving loads (Fig. 13) is considered to be adequate (Lee et al. 2012a, b) and adopted
in this study. The mega truss spans 36 m equally in each bay with a width of 9.6 m. It supports a
RC cheese slab with a thickness of 0.55 m, giving a mass per unit length of p4 = 9.1505 x 10’
kg/m and an equivalent flexural rigidity of EI = 2.3097 x 10"' N-m* (Lee et al. 2012a), so that the
first five natural frequencies of the equivalent three-span continuous beam determined from eigen-
analysis of the mass and stiffness matrices are 6.089 Hz, 7.804 Hz, 11.395 Hz, 24.357 Hz, and
27.759 Hz. Moreover, a 5% damping ratio is assumed for each vibration mode.

5.2 Simulation of AGV engine forces

In order to assess AGV-induced long-span floor micro-vibrations under various AGV weights
and moving speeds in the target LCD factory, this study takes into account the total static weight
of the AGV with W=21582 N (mass = 2200 kg), 17265.6 N (mass = 1760 kg), 12949.2 N (mass =
1320 kg), 8632.8 N (mass = 880 kg), and 4316.4 N (mass = 440 kg), and the moving speed of the
AGV with v=2.0 m/s, 1.5 m/s, 1.0 m/s, and 0.5 m/s when performing the dynamic analysis.
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Fig. 14 Simulated AGV Engine force PSDs for various AGV weights (v =2.0 m/s)

Moreover, the upper-bounded frequency of the AGV engine force frequency contents is
conservatively considered as f; = 50 Hz. From the abovementioned parameters, we obtain the

normalised AGV weights as W =1.0, 0.8, 0.6, 0.4, and 0.2, and the normalised AGV speeds as

v=1.0, 0.75, 0.5, and 0.25. Substituting W and ¥ into Egs. (12) and (13), the normalised lower-
bounded frequencies and the normalised intensities of the MKT engine force PSDs can be
obtained. Taking v = 1.0 as an example, the normalised lower-bounded frequencies of the axle 1
for W =1.0, 0.8, 0.6, 0.4, and 0.2 are determined from Eq. 12(a) as fz =0.4135 (,=50 x 0.4135
= 20.68 Hz), 0.4373 (f,=21.87 Hz), 0.4752 (f,= 23.76 Hz), 0.5274 (= 26.37 Hz), and 0.5938 (1>
= 29.69 Hz), respectively. Therefore, the MKT engine force PSDs for AGVs with various weights
and v = 2.0 m/s can be obtained from Eq. (9) and illustrated in Fig. 14, in which S, = 1.0, &= 0.23
and & = 0.51 are used. It is seen that both the moving force intensity and bandwidth vary and
increase with the AGV weight and moving speed, which is believed to be a reasonable model in
simulating moving force spectra. With these PSD functions, the corresponding time histories can
be generated as (Shinozuka 1971)

Ny
F(t) =2 \JF(f,)Af cos2afit +¢;) (14)
i=1

in which Ny is the number of frequency interval, F(f;) is the modified Kanai-Tajimi PSD value (Eq.
9) at ith discretised frequency f; = iAf, and ¢ is the random phase angle with a uniform

distribution between 0 and 27.

Fig. 15 shows the AGV engine force time histories for various AGV weights under v. 2.0 m/s as
simulated by using Eq. (14). It should be noted that the AGV engine force time histories were
obtained by using the regressional MKT PSDs of the axle 2 (Fig. 14) and the maximum engine
force was scaled to be around 2943 N (equivalent to mass=300 kg) for this type of AGV (Lee et al.
2012b).
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Fig. 15 Simulated AGV engine force time histories for various AGV weights (v = 2.0 m/s)

5.3 Assessment of AGV-induced floor vibration levels

In this study, the micro-vibrations induced by a single AGV with various weights and moving
speeds on the sub-structural three-span continuous beam model is assessed by the SSP algorithm
considering n = 12 modes. The AGV is simulated as a pair of concentrated moving loads of P(¢)
= Py(f) = WI2 + F(t)/2 separated at an axle distance of /,, = 1.2 m. The simulated engine force time
histories F(f) of AGVs with various weights moving at v. 2.0 m/s as shown in Fig. 15 (with a time
interval of 0.001 s) are used in this study. Moreover, for simplicity, the AGV engine force time
histories of the two axles are assumed to be identical.

Fig. 16 demonstrates the simulated central floor micro-vibration spectra of the middle span (x =
54 m) under various moving speeds of an AGV with W = 21582 N. It is seen that the floor micro-
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vibration increases with AGV moving speed, and the maximum micro-vibration level falls within
the VC-D and VC-C levels when AGV moves at a lower speed of 0.5 m/s, while they may reach
the VC-B level when AGV moves at a higher speed of 1.5 m/s. In addition to the central location
of the middle span, the floor micro-vibrations along the part of floor travelled by the AGV are
further explored. Fig. 17 shows the maximum vertical floor velocity ratios (VRs) at various
locations (6 m uniformly-spaced, except at the supports) of the three-span continuous beam
subjected to AGV moving loads. It is noted that the maximum VR is defined as the ratio of overall
maximum AGV-induced one-third octave band RMS velocity to the VC-E level of 3.175 x 10™*
cm/s. Generally speaking, the floor micro-vibrations increase with the AGV weight and moving
speed. The micro-vibrations may fall within the VC-D and VC-C levels when the AGV with W >
8633 N moves at a lower speed of 0.5 m/s, while they may exceed the VC-C level as required for
the installation of most stringent vibration-sensitive tools when the AGV with W > 8633 N moves
at a speed of 1.0 m/s. As AGV moves at a speed higher than 2.0 m/s, the micro-vibrations may
exceed the VC-B level, except for the case of AGV with W < 4136 N. The simulated vertical
micro-vibration levels of the long-span floor system in the target LCD factory are comparable to
the maximum micro-vibration levels of typical LCD factories (larger than the VC-B level or even
exceeding the VC-A level as shown in Fig. 2) induced by AGVs moving normally at a speed
between 1.0 m/s and 2.0 m/s. Hence, the dynamic algorithm that integrates the sub-structural
multi-span continuous beam model and the proposed regressional MKT AGV moving force
(engine force) model taking various AGV static weights and moving speeds into account, are
considered adequate and reliable in assessing the AGV-induced floor micro-vibration levels in
LCD factories.
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Fig. 16 AGV-induced floor micro-vibration spectra at central location of middle span under various
AGYV speeds (W=21582 N, x =54 m)
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Fig. 17 Maximum velocity ratios at various locations along the part of floor travelled by the AGV

5.4 Possible sources of errors of the proposed method

This study intends to develop a simplified numerical model which includes a reduced sub-
structural floor system and vehicle moving force spectra for various weights and speeds, to
evaluate the AGV-induced floor vibrations in LCD factories. The continuous floor systems with
thicker RC slabs supported by long-span truss-type steel frames are composite structures and more
complicated as compared to pure RC floors. If the dynamic characteristics of the proposed sub-
structural floor system travelled by AGVs do not represent those of the original long-span floor
system, errors in the floor vibration level would be induced when performing the dynamic
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numerical simulation. In order to obtain the realistic floor vibration frequencies of the target LCD
factory, this study conducted in-situ floor micro-vibration measurements, from which the
equivalent flexural rigidity of the reduced composite floor system was adjusted accordingly. If the
experimental results are not available, one may obtain the structural parameters of the equivalent
sub-structural floor system from the finite element model (ETABS or SAP2000) that is normally
constructed during the design stage of LCD buildings. Moreover, the reduced sub-structural floor
system developed in this study is only for one specific line of AGV. However, there may be
several lines of AGV (or RGV and stocker) travelling on the whole production floors in LCD
factories. If the distance between two lines (at different bays) of AGV is too close, the vibration
level would not be predicted well by the proposed method because the vibration interference
would exist between each other. Finally, the AGV moving force patterns (intensity and bandwidth)
for various weights and speeds simulated by the proposed regressional MKT PSD functions
experimentally obtained in the laboratory, may not fully represent those AGVs used in LCD
factories because various types of AGVs with different suspension and driving (motor) systems are
designed. Despite of this, if the intensity and predominated frequency bandwidth parameters of the
PSD functions for specific AGVs could be properly adopted, the comparable simulated floor
vibration levels for LCD factories can be achieved.

6. Conclusions

This study explored the AGV-induced vertical micro-vibrations on long-span floors of LCD
manufacturing factories. A reduced sub-structural multiple-span continuous beam model that
considers only the part of floor travelled by the AGV without constructing a finite element model
of the entire storey was adopted to efficiently assess the AGV-induced floor micro-vibrations. The
AGYV moving loads (or engine forces) corresponding to various AGV weights and speeds were
simulated by a proposed regressional modified Kanai-Tajimi power spectral density function that
was developed by conducting a series of vehicle-induced vibration tests of a small-scale three-span
continuous steel beam model in the laboratory. The dynamic floor responses induced by AGVs
with different static weights and moving speeds were resolved using a state-space procedure
algorithm. In accordance with the results obtained from experimental tests and numerical
simulations, the following conclusions may be drawn.

1. The numerical responses of the small-scale three-span continuous steel beam model simulated
by using the first four vibration modes and the identified moving force time histories are shown to
correspond well with the experimental dynamic responses obtained in this study. The maximum
global error index (GEI) between the experimental and numerical RMS acceleration spectra at the
central location of the middle span is 13.07%. This indicates that the dynamic vehicle moving
force (or engine force induced by a motor) time histories identified by using the experimentally
monitored acceleration time histories are reliable.

2. The best-fitting parameters that govern the modified Kanai-Tajimi moving force power spectral
density functions under various vehicle static weights and moving speeds can be obtained through
a regression analysis by using the identified one-third octave band moving force spectra. Hence,
the moving force pattern (intensity and bandwidth) corresponding to specific vehicle weight and
moving speed can be determined by using the regressional modified Kanai-Tajimi moving force
power spectral density function as developed in this study.

3. The AGV moving forces of various AGV weights and moving speeds are simulated by the
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proposed regressional Kanai-Tajimi model considering the upper-bounded frequency of the
predominated moving force bandwidth as 50 Hz and the maximum moving force as 2943 N. The
simulation results indicate that the maximum vertical floor micro-vibrations of the target LCD
factory may fall within the VC-B and VC-C levels when AGV moves at a lower speed of 1.0 m/s,
while they may exceed the VC-B level as required for the installation of most vibration-sensitive
tools, when AGV moves at a higher speed of 1.5 m/s. The simulated results of the target LCD
factory are comparable to the measured micro-vibration levels of typical LCD factories induced by
AGVs moving normally at a speed between 1.0 m/s and 2.0 m/s. Therefore, the AGV-induced
floor micro-vibrations predicted by the simplified sub-structural multi-span continuous beam
model, together with the AGV engine forces simulated by the proposed regressional modified
Kanai-Tajimi moving force model, are considered adequate and reliable for the practical
engineering application in LCD factories.

4. The regressional Kanai-Tajimi PSD function for various vehicle weights and speeds directly
identified from the experimental vibration history data of the three-span continuous steel beam
model used in this study may include the surface irregularity effect; however, this condition may
not be the case as in the LCD factory. Despite of the fact that the RC slab (or the alloyed raised
floor) irregularities of the production areas in high-tech factories are less significant than those of
blacktop roads and traditional factories, this study suggests taking various slab flatness conditions
into account to evaluate the roughness effect on the AGV-induced floor vibration level.
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