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Abstract. A cantilever optical vibrometer using a fiber Bragg grating
(FBG) is developed. The sensor head is made by attaching an FBG to a
triangular beam to provide position-independent strain for the purpose of
acceleration measurement. The vibrometer demonstrates a noise-limited

acceleration resolution of 2.8x 10~* g/\/Hz with repeatability error of less
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measure the acceleration of vibrating object. The design of
the cantilever-beam-based sensor head ensures low cross-
axis sensitivity and uniform strain applied to the FBG. A
combination of an unbalanced interferometer and the phase
lock loop method;’ which has demonstrated high measure-
ment resolution, is employed for the Bragg wavelength de-

1 Introduction

It is often necessary to monitor or measure vibrations in
applications such as high-power alternators in electrical
plants and large rotating machines in petrochemical plants.

The use of traditional electrical sensors is not preferred tection. The operation principle of the FBG vibrometer

because of the existence of electromagnetic interference.(FBGV) is described in Sec. 2. The experimental results are
Fiber optic sensors are best suited for these applicationspresented in Sec. 3 and a summary is given in Sec. 4.
because of their immunity to an electric field. A particular

type of fiber sensors, the fiber Bragg gratif®G) sensors,
has been intensively researched for the measurement of Principle of Operation

e e The Stncture of FBGY s shown i Fgid. The FBG i
P attached to the bisector of an isosceles-triangul-shaped

ating I.'ght power level r?m.d. they can be.eaS|Iy multiplexed plastic cantilever beam. The lengths of the three sides of the
by using wavelength-division mglﬂplexm@NDM) tech- triangul-shaped beam are 6.5, 6.5, and 3 cm, respectively. A
nology. Several types of FBG vibrometers have been re- i jar metal mass is fixed at the bottom of the vertex of

. . _4
ported in the literaturé-* Berkoff and Kersey demon-  ho"heam, Theoretically, the structure of the FBGV can be
strated the use of an embedded FBG transducer to measurgaated as a spring-mass system, when a vibrating object is

acceleration, but it is sensitive to cross-axis excitation and attached to the base of the FBGV, the motion of the vibrat-
the detrimental effects from transverse strain on the FBG, ing object will be cause relative motion between the mass
which induces birefringence splitting of its reflection peak. (at the vertex of the beanand base, which results in strain
The problem of the cross-axis sensitivity could be mini- peing applied to the FBG. The value of the mass and the
mized by using a cantilever beam type transdticeit it elastic property of the beam determine the relative magni-
has lower measurement resolution because the signal wasude of the strain applied to the FBG for a particular vibra-
demodulated from the power variation of the reflected light tion or acceleration. The force applied on the m@d&scan

of a chirped FBG. Another type of flexural beam type FBG be considered to be linearly proportional to the acceleration
transduceYhas both advantages of low cross-axis sensitiv- (a) of the object being tested:

ity and higher measurement resolution but the strain in-

duced on the FBG is nonuniform, therefore the physical F=Ga, 1)
length of FBG should be kept as short as possible to reduce

the averaging effects imposed by its finite physical length whereG is a constant. Assume that the thickness and the
and to minimize the strain gradient effect that induces spec-width of the beam are, respectiveliy and w(x)=Kkx,

tral broadening. In this paper, we report a novel type of wherek is a constant. The strain along the bisector of the
cantilever beam optical fiber viorometer using an FBG to top surface can be deduced as
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Fig. 1 (a) Structure and (b) experimental setup of the FBGV: SLED,
superluminescent light-emitting diode; IOPM, integrated optical
phase modulator; FBGYV, fiber Bragg grating vibrometer.
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whereM (x) andi(x) are bending moment and inertia mo-
ment of beam section, respectively; aldis Young’s
modulus of the beam material. We can see from(Egthat
the strain applied on the FBG is independent of posikon
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Fig. 2 Frequency spectrum of the FBGV output when the peak
value of the acceleration of the vibrating object is 0.177 g and the
frequency is 200 Hz.

was used to illuminate the FBGV via a 50/50 coupler. The
nominal Bragg wavelength of the FBG in the FBGV was
1545.0 nm. The full width at half maximutFWHM) and

the reflectivity of the FBG were about 0.2 nm and 90%,
respectively. The mass placed on the vertex of the cantile-
ver beam of the FBGV can be varied from 1 to 2.5 g. Light
reflected from the FBGV was passed through the same cou-
pler again and guided into an MZI. An IOPM was placed in
one arm of the MZI and used to produce a serrodyne modu-
lation function at a repetition frequency of 100 kHz. The
peak-to-peak phase excursion of the serrodyne modulation
was set to be 2 to facilitate heterodyne signal processthg.
The serrodyne interferometric process converted the
measurand-induced FBGV wavelength shift to phase differ-
ence variations between the two interferometer arms and
further into phase shifts of the serrodyne signals at the in-

and therefore the spectrum of the FBG should not show anyterferometer output. The modulated output signal from the

chirping characteristic in response to the vibration. This
strain is transferred to the FBG with a coefficientand

causes a shift in the Bragg wavelenlgth
v _
ANg= 7)7\5{1_”2 plz_(p+pu) )ezCa, ©)

wheren, p;1, P12, andv are the refractive index, compo-
nents of the strain-optic tensor, and Poisson’s ratio of opti-

cal fiber, respectively. We define as
H / (EKH?), (4)

where ANy is linearly proportional to the acceleration of
the vibrating object. When the acceleratianis a time-
varying signal, the wavelength shifix; will have a cor-
responding dynamic change. With the use of a combination
of an unbalanced Mach-Zehnder interferoméMZ|) and

a phase-locked loofPLL) detection can measure this dy-
namic change in the Bragg wavelength shiftg and there-
fore the value of the acceleration.

_ v(P11— P12

12 2

C=6nG)\B[1—n2 p

3 Experiments and Results

Experiments were conducted using a setup shown in Fig.

1(b). The light from an SLED with spectral width of 50 nm
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MZ| was detected by a photodetector. To recover the vi-
brating signal of the FBGV from the photodetector, the
PLL detection method was used.

The performance of the FBGV was evaluated by attach-
ing the base of the FBGV to a vibrating objéotechanical
vibrator). For the purpose of comparison, an electronic vi-
brometer(model, Aihua AWA5933 was also attached to
the object being tested to measure the peak acceleration of
the object. Figure 2 shows the recorded output obtained
from a dynamic signal analyzer when mass at the vertex
was set to 1.5 g. The frequency of the dynamic signal was
200 Hz with a peak acceleration measured using the elec-
tronic vibrometer to be 0.177 g. The time-domain wave-
form can be see from an oscilloscope to be a sinusoidal
signal at 200 Hz but is not shown here. The SNR is 56 dB
at a bandwidth of 0.95485 Hz. The noise-limited resolution
can be calculated to be @0 *g/\Hz.

To measure the repeatability of the FBGV, the peak
value of the acceleration of the vibrating object was varied
within a range of 0.023 to 0.238 g at frequency of 200 Hz
with a constant step four times within 5 min. The outputs of
the FBGV output were recorded and are shown in Fig. 3.
The experimental data from the four scans were least-
squares fitted to a linear equation and the standard devia-
tion from this linear fit was found to be less than 1.02 mV.
This indicates that the measured repeatability was less than
2.4% within the 42-mV measurement range.
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Fig. 3 Relation between acceleration and output signal of FBGV. Fig. 5 Frequency spectrum of the FBGV output when the vibrating

object is excited by two sinusoidal signals at the same time. The two
signals have frequencies of 180 and 220 Hz, respectively, and a

It should be noted that response of the FBGV depends peak acceleration of ~0.047 g.

on the mass applied on the vertex. Figure 4 shows the fre-

quency response of the FBGV for different values of mass yniform and this structure has lower cross-axis sensitivity.
placed on the vertex. The frequency response is relatively The use of an unbalanced MZI and PLL demodulation
flat from 280 to 420 Hz and has a resonance peak aroundscheme enhance measurement resolution. The noise-limited
200 Hz, corresponding to the resonance frequency of the g eleration resolution of this FBGV was found to be 2.8
cantilever-mass system. Figure 5 shows the FBGV output %104 g/\JHz and the repeatability is less than 2.4%. This
that was obtained from a dynamic signal analyzer when g P iy X N

type of vibrometer can be easily multiplexed by use of

two approximately equal accelerations  components - of WDM because of the wavelength-encoded nature of the

0.047-g peak value at the frequencies of 180 and 220 Hz P ; ;
were applied on the tested vibrating object. The SNRs were "BGS: All the FBGVS within the multiplexed system can in
principle be demodulated by using the same demodulation

both around 40 dB at a bandwidth of 1.9097 Hz. The noise- ~ . .
limited resolutions were found to be less than 3.4 unit (MZI+PLL), reducing the cost per FBGV.

X 10 *g/\Hz. Acknowledgment
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Fig. 4 Frequency response of FBGV with varying mass. Biographies and photographs of the authors not available.
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