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Abstract   : -       In spite of the robustness of ac drives, the requirement of a shaft-mounted sensor renders them less attractive. This work is directed to develop a new method for sensorless speed estimation of AC machines. The stator current signal of induction motor contains speed related harmonics. The Time-Frequency analysis of stator current signal can be used to measure the instantaneous frequency without the use of sensors. Short-time Fourier transform and Analytic wavelet transform are the Time-Frequency analysis methods to be made use of in this project. Resolution and computation time required by spectral estimation techniques are better compared to other speed estimation technique. The resolution can be improved by ridges algorithm. This method can be implemented on hardware and can be further extended for fault identification and real time speed estimation.
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1   Introduction
Advances in power semiconductor technology have led to the widespread use of ac drives using advanced control techniques such as field oriented control or direct torque control. However in spite of the robustness of variable speed ac drives, the requirement for a shaft-mounted sensor renders them less attractive.
     Estimators, observers, and spectral analysis methods are the frequently used techniques for sensorless speed estimation. The performance of speed estimators depends on the accuracy of the machine model and parameter estimator. Observers for speed detection have a relatively long time delay time that can limit speed detection during a transient. The resolution obtained with spectral analysis is restricted by uncertainty principle. Ridges algorithm can solve this problem efficiently.

      The short-Time Fourier Transform (STFT) is a practical tool to measure the frequency variations in time. The time-frequency information is contained in plane boxes called atoms, defined by the spread in time and frequency that contain enough energy density to be useful in signal processing. When a classical window is employed (Gaussian, Hanning, Hamming, etc.), the information is spread over a rectangular atom in the Time-Frequency plane; this atom area is   minimum when a gaussian window is used . In the STFT, the atom is the same at all 
time instants for every window as shown in fig 1.The instantaneous frequency can be obtained from ridge analysis, thereby increasing the time-frequency resolution of the Heisenberg boxes. This method has been widely applied in sensor less speed estimations of AC machines.
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Fig.2. Heisenberg boxes for analytic wavelet transform us-
ing two different scales.




       Wavelet analysis is a more general transformation and is also based on internal products of functions. However, in this case the concept of scale replaces the frequency variable of the Fourier transform. Although the Heisenberg atom area is not smaller than in the STFT with a Gaussian window, the time or frequency resolution can be conveniently changed using different scales, increasing one variable and decreasing the other (equal area atoms). This idea is illustrated in Fig.2. This additional degree of freedom can improve the angular speed resolution.
2 Sensorless speed measurement techniques
The frequently used sensor less speed estimation  techniques are

·  Estimators, 

· observers,  and 

· spectral analysis methods

       The performance of speed estimators depends on the accuracy of the machine model and parameter estimator. Observers for speed estimation have a relatively long delay time that can limit speed detection during a transient. The resolution obtained with spectral analysis is restricted by the uncertainty principle represented by the Heisenberg boxes. Ridges algorithm can solve this problem efficiently[1].
      Among the various methods available for sensor less speed estimation time frequency analysis method is found suitable for sensor less    speed    estimation. A methodfor measuring rotor speed is based on sensing the rotor slot harmonics [3]. The stator current signal contains speed  related harmonics that arises due to magneto motive
force spatial distribution, stator and rotor slots, and dynamic and static eccentricity.
       Methods for frequency estimation of squirrel cage induction motor without the use of sensor and independent of machine parameters are based on time frequency analysis of stator current signal[7].

        The speed information obtained can be used to a direct torque control drive. Time frequency analysis of stator current signal can be extended for fault identification purpose too[7]. The entire method can be implemented in a digital signal processor and extended for real time speed estimation.

2.1  Detection of Rotor slot harmonics

 Sensorless speed measurement of ac machines using time frequency analysis techniques discussed in this  paper is based on estimating speed making use of rotor slot harmonics which is  present in the stator current signal even at no laod condition. The principal slot harmonic present in stator current signal is identified and a variation in the slot harmonic frequency indicates a variation in speed, on estimating the slot harmonic frequency from the spectrogram speed of the motor can be estimated. This method is independent of  parameters of the motor since it does not require detail regarding the motor whose speed is to be measured other than the number of slots in the rotor .The rotor slot harmonic frequency is given by,                                                               
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where nd = 0 in case of static eccentricity, and nd = 1 in case of dynamic eccentricity ( nd is known as eccentricity order), f is the fundamental supply frequency, R is the number of rotor slots, s is the slip, p is the number of fundamental pole pairs, k is any positive integer, and n is the order of the stator time harmonics that are present in the power supply driving the motor ( n=  ±1 ±3 ± 5  , , , etc.). The principal slot harmonics are also given by the above equation with nd = 0, n= 1,k= 1 . When one 
of these harmonics is a multiple of three, it may not exist theoretically in the line current of a  balanced three phase three wire machine.
2.2 Time frequency analysis 
Powerful tools for measurements of frequency changes with time are the so-called time-frequency  representations  of  signal  (TFRs) .

 
Short-Time fourier transform  is the most widely used tool for time frequency (TF) analysis of non-stationary signals. Analytic wavelet transform is a more general transform that can be used for TF analysis. STFT is nothing but windowed Fourier transform. Time frequency analysis of stator current signal using STFT and AWT yields a better result compared to other conventional and parameter based techniques and can be used over the entire speed range, because the method is independent of machine parameters and speed related harmonics exists even at zero speed[1].
2.2.1 Short time fourier transform
Analysis with Fourier transform is applicable to stationary signal whose properties do not evolve in time.


The Fourier transform is defined as 

                                              ∞
                                X (f)  = ∫ x(t)e- j2πtdt    --------2
                                              -∞


 Where  the analysis coefficient X(f) define the global frequency  f  content of the signal.
As seen in equation they are computed as inner product of signal with sine wave bases function of infinite duration. As a result Fourier analysis works if x (t) is composed of few stationary component.

Fourier transform gives the spectral content of signal, but it gives no information regarding where in time these spectral components occur.


The changes in time in non-stationary signal have their frequency spread. The approach to analyze such signal is to introduce time dependency in Fourier analysis by introducing windowing techniques. This requires the assumption that some portion of the signal is stationary. This revised Fourier transform is called Short-Time Fourier transform  (STFT)


Short-Time Fourier Transform  is also known as the windowed Fourier transform.The function of the     window is to extract a finite portion of the  signal. The Short-Time fourier transform  (STFT) is a practical tool to measure the frequency variations in time. The time-frequency information is contained in plane boxes called atoms, defined by the spread in time and frequency that contain enough energy density to be useful in signal processing. When a classical window is employed (Gaussian, Hanning, Hamming, etc.), the information is spread over a rectangular atom in the time frequency plane; this atom area is minimum when a Gaussian window is used. In the STFT, the atom rectangle is the same at all time instants for every window[1].


The frequency content of the stator current spectrum as a function of time can be analyzed using the STFT ,also called windowed Fourier transform (WFT). In the STFT, a Gabor atom, [image: image4.png]Gz (1)



 is used to measure the frequency variations in a time signal[1]. A family of time-frequency Gabor atoms is obtained by modulating the real and symmetric function (window), g(t), by the frequency and translating it by u . 
The stft of a function f(t) at time u and frequency ξ is given by 
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           The spectrogram of the function f(t) is the 
energy density of this signal and can be defined as
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The spectrogram can be represented in a three dimensional plot and its ridges represent the instantaneous frequency  ω (t) is given by


 ω(t)=d ∕ dt (φ(t))--------------------------5
where       f(t)=  a(t) cos φ(t).


The resolution in time and frequency of the STFT depends on the spread in time and frequency of the selected window (Rectangle, Hamming, Gaussian, Hanning, etc.). The instantaneous frequency can be obtained from ridge analysis[1].
2.2.2 Window selection
The type of window used also plays an important role in the STFT time frequency analysis .The time width and frequency width of the window determines the resolution .Since the area of the window is fixed in STFT, resolution of either time or frequency can be obtained only on sacrificing resolution of the other variable [15].

2.3 Analytic wavelet transform
Similar to STFT analytic wavelet transform can be used for estimating the instantaneous frequency. In analytic wavelet transform, the time or frequency resolution can be conveniently changed using different scales This additional degree of freedom can improve the angular speed resolution. The analytic wavelet transform defines a local energy density called scalogram, which has to be interpolated to obtain a linear spectrogram and then ridges algorithm can be applied[1].

2.4 Ridges algorithm
The instantaneous frequency defined in ω(t) can be estimated by ridges detection in the spectrogram. The spectrogram can be obtained using any time-frequency transform such as: STFT, AWT or Wigner-Ville.

3 Experimental result
Stator current signal of  3 phase squirrel cage induction motor during start up and steady state is obtained. The motor under test is a 4 pole,1430  Rpm,50 Hz ,7.5 Amps ,415 V, 5 HP submersible squirrel cage induction motor. Fig.1 shows current in one phase of the motor during startup  under no load condition .The current is obtained as  a 2000 point data using a storage oscilloscope for a period of 5 seconds. The current obtained is filtered using a butterworth filter to obtain frequency components that relate to speed , that is the rotor slot harmonics. Fig 3 shows the filtered current signal .Fig .4 and Fig .5shows the frequency components present in the current signal before and after filtering. Fig.6 shows the spectrogram for the filtered current signal under steady state and transient state. Applying ridges algorithm to the spectrrogram speed of the motor is estimated. 
4 Conclusion
Stator  current signal obtained from one phase of the motor  is found to have a frequency component at 50 Hz and components near 150Hz and 250 Hz before filtering as in fig.2 ,with this fundamental component and its harmonics speed could not be estimated,So the fundamental component is removed and rotor slot harmonic components alone that relate to speed of motor are separated first using a butterworth filter,The rotor slot harmonics are not present for all combination of rotor stator slot numbers ,so selection of motor  for sensorless speed measurement using  rotor slot slot harmonics is an important criteria. spectrogram for the filtered current signal is obtained ,the instantaneous frequency obtained from spectrogram is used to estimate the speed .Wavelet transform technique can be applied in the abovesaid  procedure to estimate speed which is expected to improve the resolution. Since  speed measurement using this method is independent of motor parameters , and slot harmonics are present even under no load condition ,speed measurement can be done at all time instants further the method is very simple and could be implemented in a dsp processor to obtain online speed estimation.
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Fig .1 current in one phase of the motor during startup       
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Fig.2 bandpass butterworth filter of order 8                                     [image: image9.png]e ot Sinal

P S S R
0 2 40 60 60 10 @0 W0 0 (@0 X0
1ime

Ly




        Fig3. stator current signal after filtering using the BPF         [image: image10.png]ey, b Poufer thanistuih
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Fig .4 fundamental frequency component present in stator current signal before filtering
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Fig .5 frequency components present in filtered current signal
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Fig .6 spectrogram of filtered current signal .
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