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Abstract. This paper presents experimental vibration analgdighe induction motor by
applying a short-time Fourier transforf&8TFT), which is one of the spectral analysis methods.
Vibration data of a small-sized induction motor e@btained with a laser Doppler vibrometer
(LDV). Experimental setup was assembled in order tetegmotor vibrations. Data-acquisition
system was employed to register the vibrationshefibhduction motorLDV measurement data
was collected when the induction motor was opegatit various speeds under no-load
condition. The obtained data were analyzed by meémshort-time Fourier transform method.
Finally, the results of analysis were interpret@di¢monstrate certain vibrational behavior of the
motor.

Keywords: laser Doppler vibrometer, short-time Fourier sfanm (STFT) analysis, vibration
analysis of induction motor.

1. Introduction

Electrical motors are the major prime movers inustdy and are the most popular for their
reliability and simplicity of construction [1].

Since the apparatus driven by induction motorsihmgmortant role in industry, their safety,
reliability, efficiency and performance are highigportant for engineers. Although induction
motors are reliable, they are subjected to sonterée. Therefore in the past two decades, there
has been substantial amount of research to prawée condition monitoring techniques for
induction motors, mostly based on analysis of vibrasignals. Therefore many commercial
tools are available in this area [1-3].

Laser Doppler vibrometegf DV) provide the unique ability to measure the vibragiof a
surface without having to attach a transducer thaht locally stiffen or mass-load the
structure. They have been widely employed to meagibration on small, lightweight structures
such as hard-disk drive heads, microstructures][4ther systems that might be modified by
attaching traditional contact transducers, and alsootating systems where contact transducers
cannot easily be attached [7]. ThBV has been utilized with considerable success &pamese
measurements and modal testing [8, 9].

LDV is an interferometric technique for vibration m@&asnents on solid bodies, which
determines their instantaneous velocity by obsgnthre Doppler effect by means of a laser
beam diffused by the object surface. Vibrometersetaon thd DV technique are devices able
to measure the component of the surface velooitggathe direction of the incident laser beam.
The basic principle behind tHeDV technique is the Doppler effect. Vibrometers basedhis
principle can remotely measure surface velocitigh Wgh spatial resolution and over a broad
frequency and amplitude ranges [10].

A vibrometer is generally a two beam laser intenfieeter that measures the frequency (or
phase) difference between an internal referencmtzea a test beam. The most common type of
laser in anLDV is the helium-neon laser [11, 12], although ladmdes, fiber lasers, and
Nd: YAG lasers are also used. The test beam is directdb timrget, and the scattered light from
the target is collected and interfered with theemefice beam on a photo-detector, typically a
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photodiode. Most commercial vibrometers work in etelnodyne regime by adding a known
frequency shift (typically 30-40 MHz) to one of theams. This frequency shift is usually
generated by a Bragg cell - an acousto-optic maaolula

A schematic diagram of a typical laser vibrometeshown in Fig. 1. The beam from the
laser, which has a frequenéy is divided into a reference beam and a test b&@ma beam
splitter. The test beam then passes through thggBeall, which adds a frequency sHift This
frequency shifted beam then is directed to theetarghe motion of the target adds a Doppler
shift to the beam given bfg = 2-v(t)-cos@)//, wherev(t) is the velocity of the target as a
function of time,a is the angle between the laser beam and the Weleector, andl is the
wavelength of the light [11, 12].
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Fig. 1. Diagram of operation principle of the scanningreibneter [13]

Light scatters from the target in all directionst some portion of the light is collected by
theLDV and reflected by the beam splitter to the photeater. This light has a frequency equal
to f, + f, + f3. This scattered light is combined with the refesetbeam at the photo-detector.
The initial frequency of the laser is very high1®14 Hz), which is higher than the response of
the detector. The detector does respond, howevéhnetbeat frequency between the two beams,
which is atf, + f4 (typically in the tens of MHz range).

The output of the photo-detector is a standarduieeqy modulatedFM) signal, with the
Bragg cell frequency as the carrier frequency, taedDoppler shift as the modulation frequency.
This signal can be demodulated to derive the vglaa. time of the vibrating target [11, 12].
This frequency shift is then analyzed in the sigiralkcessor and is available as a velocity signal
at the output in the form of an analog or digitadled voltage [10].

Unlike other remote measurement devices, B/ makes the vibration measurement
without mass-loading the target. It is very coneanito make non-contact mechanical vibration
measurements with laser Doppler vibrometer and frexform data analysis by applying Fast
Fourier TransfornfFFT) [14-21].

2. Theory of the method and mathematical background
2.1. Laser Doppler Vibrometer

When the vibration exciter generates a sinusoigplacement:
s(t) = Scos(w,t+ @) (1)
The vibrometer output signal follows the relatioipsh

u(t) = Gcos(w t + @) 2)
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wheres$ andii are respectively amplitudes of the displacemedt\dnrometer outputw, is the
angular frequency of the harmonic vibration andand¢,, are respectively the initial phases of
the displacement and vibrometer output [19].

The output of the two photo-detectors of the quialeahomodyne interferometer comprise
an in-phasél) and a quadratur@®) component of the total interferometric phase:

uy (1) = 0; cos Puoeq (D) (3
U (1) = iy sin @yoq(t) 4)
where:

Omod () = @o + eM(D) = @ + Py cos(wt + @) )

is composed of the initial phase angpg, which depends on the optical path difference betw
the arms of the interferometer and a modulatiomtep, (t). Since the amplitude,, is
proportional to the displacement:

Pm = (4m/D)3 (6)

and assuming thdl, = @i, and that there is no phase shift between thealisptents(t) and
the sinusoidal phase ter,, (t), a phase demodulation can be used to measurechspént
[19].

2.2. Short Time Fourier transform and spectrogram

The short time Fourier transfor{8TFT) introduced by Gabor in 1946 is useful in presentin
the time localization of frequency components @nais. TheSTFT spectrum is obtained by
windowing the signal through a fixed dimension waad The signal may be considered
approximately stationary in this window. The winddimension fixed both time and frequency
resolutions. To define th8TFT, let us consider a signal(t) with assumption that it is stationary
when it is windowed through a fixed dimension windg(t), centered at time location The
Fourier transform of the windowed signal yields 81&T [22-25]:

STFT(t,f) = f_t: x(D)g(t — 1) exp[—j2mft]dt )

The equation maps the signal into a two-dimensidmattion in the time-frequencit, f)
plane. The analysis depends on the chosen wing@)v Once the windowg(t) is chosen, the
STFT resolution is fixed over the entire time-frequeiptgne. In discrete case, it becomes:

STFT{x(n)} = X(m, f) = ¥ 2 x(n)g(n — m)e Wn (8)
The magnitude squared of tB&FT yields the “spectrogram” of the function:
Spectrogram{x(t)} = |X(t, H)|? (9)
3. Experimental setup
3.1. Induction motor specifications
In the study, a 0.37 kW three-phase asynchronowasiction motor was used. The
asynchronous induction motor was star connectedramdinder no-load condition. Its rotation

speed was measured to be 2966 RPM. Label informafithe asynchronous motor used in the
experiment is given at the Table 1.
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Table 1. Asynchronous machine label information

Motor Label Information
3 Phase Star-Connected Gos 0.83
50 Hz 0,37 kW
Delta / Star220 V / 380 V
2800d/dk Delta/Star1,7 A/ 1A

3.2. Data acquisition system

Data acquisition system was applied on a machilezteel among asynchronous induction
motors that can be found in Control Laboratoriedafmara University in accordance with the
principal of data acquisition withDV. In this study, arOMERTON VH300 laser Doppler
vibrometer (LDV) was used.

Fig. 2. Photo from the experimental site

In Figure 2, you can see the data acquisition sysiéthe laboratory. A schematic of the
data acquisition system is shown in Fig. 3.

T T Data Acquisition
Unit 2827

Cnmpuler

LAN Cable

mace | b B

Module I
7533 |

Fig. 3. Measurement scheme
4. Analysis of the system witlSTFT

The vibration of the induction motor was analyzedhe study. Data acquisition was made
with LDV system during the analysis and the obtained data amalyzed wittSTFT and 3D
apectral analysis. Fig. 4 provides tB€FT diagram of the system. It should be noted that
vibration data recorded withDV are motions of a certain point on the inductiontono
Furthermore, the induction motor used in the expernt was a 0.37 kW small-size
asynchronous induction motor and it was run undeload condition.
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Time-Frequency Plane for Indiction Motor
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Fig. 4. STFT analysis of the induction motor
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Fig. 5. 3D spectral analysis of the data obtained WitV

Fig. 5 shows 3D spectral analysis of the data nbthiwith theLDV. As indicated in Fig. 1,
the system does not contain any information at Vegh frequencies. The system oscillates at
various amplitudes from 0 to 2000 Hz frequency earigspecially, on the amplitudes of 1 dB is
observed that the oscillations are synchronizeahAtamplitudes over 1 dB it is observed that
the system oscillations are of synchronous type.

5. Conclusions

Vibration measurement with by laser Doppler vibreengLDV), which is capable of
accurately measuring point velocities from a remptesition by means of interferometric
techniques in mechanical systems, is one of the eféective methods. In this study, vibration
data set was acquired witidV when the 0,37 kW asynchronous induction motor masunder
no-load condition. Obtained data were analyzed shitrt-time Fourier transform method. It has
been determined that obtained results are meaniagéLinterpretations are compliance.
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This study was based on two main issues. The fifsthese two main issues is the
measurement system (measurement WiY) and the second one is the analysis of data set
acquired with LDV. During analysis, 50 Hz and the 3rd harmonic comemts of the
asynchronous machine at basic working frequencyevadrserved. It is concluded that other
harmonics are generated by vibrations that areechbg the fixing of the machine and its run
under no-load condition.
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