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Abstract:

Stator resistance variations occur during normal operation of Induction motors. A small variation in stator resistance results in a large variation in the estimated speed for sensorless drives at low frequencies. This paper proposes three techniques to eliminate effectively the errors due to the stator resistance variations. The techniques are validated and the performance enhancements obtained are compared.
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I. INTRODUCTION
Induction motors have been used more in the industrial variable speed drive system with the development of vector control technology. Vector control without speed sensor is used in many applications such as motor drives in a hostile environment and high-speed drives. In addition it requires careful cabling arrangements with attention to electrical noise. Many Sensorless vector control Techniques have been proposed [1]-[3].

Flux Estimation should be error free for high performance sensorless motor drives. There are two well known Techniques for estimation of stator flux. They are the current model and the voltage model equations. Current model equations require motor speed for accurate flux estimation where as voltage model equations need not. Hence voltage model equations are the only method for flux estimation for Sensorless induction motor drives. However there are two well known problems in the voltage model equations. They are, even a small dc offset in the estimated flux will drive the integrator into saturation and, at low speeds the model is extremely sensitive to errors in the stator resistance value and to the measurement errors. This paper concentrates on the problems of both integration and parameter errors by suitably altering the integrator.

Various alterations of the integrator has been pointed out and solved earlier [4]-[9].But all these methods solve the problems of the integrator and not the parameter errors. The integrator error can be straight forwardly compensated, as presented in [8], by using low pass filtering. Later, a similar idea has been presented [9].In this paper three techniques are proposed to compensate variations in stator resistance .The proposed methods are validated using simulations and the results are presented. Section 2 describes the dynamic model of the Induction motor .Section 3 deals the details of voltage model based flux estimation and the use of low pass filter to overcome the problems due to integrator. Section 4 presents the proposed techniques for eliminating stator resistance variations and section 5 concludes the paper.
II. INDUCTION MOTOR MODEL
The dynamic model corresponding to the T-equivalent circuit of the induction motor is shown in fig 1.The same developed model is used for simulations in the Mat lab/Simulink environment
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The voltage equations given below are referred to general reference frame [10].However, the stationary reference frame model is used for simulations.
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Where, 
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 is the speed of the reference frame, 
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 is the electrical angular speed of the motor shaft, 
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the stator voltage, 
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 is the stator current and 
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is the stator resistance. Similarly subscript r denotes rotor parameters. The stator and rotor flux linkage equations are given as below
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Where Ls, Lr and Lm are stator, rotor and mutual inductances respectively. The stator currents and rotor currents can be solved from the equations (3) and (4).Since the simulations is carried out in the stator reference frame the speed of the reference frame is set to zero. The motor parameters used for simulations are given in table -1.

            TABLE-1
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             PARAMETERS FOR 2.2KW FOUR-POLE 400V 50HZ MOTOR






 Stator resistance Rs

          3.67Ω

 



 Rotor resistance Rr

          2.32Ω

 



 Magnetizing Inductance Lm
          0.235H

 Stator Inductance Ls

          0.245H

  



 Rotor Inductance Lr

          0.248H

 



 Inertia JTOTAL


          0.0126kgm2

  



 Rated Speed                                              1430 r/min  

  



 Rated Current
                                       6.27 A

  



 Rated Torque

                         14.6 Nm

[image: image26.png]=eEmm

%

2

15

0

10

15

2

ACTUAL AND ESTIMATED FLUX

ACTUAL FLUX

ESTIMATED FLUX

%
0





The electromagnetic torque developed by the motor is given by
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Where p is the number of pole pairs and the complex conjugate is marked as *.
3. VOLTAGE MODEL AND LOW PASS FILTERS AS INTEGRATORS
A. Voltage Model
The voltage model for the stator flux estimate can be written from (1) in the stator reference frame, i.e.
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Where Vs, is and Rse are measured voltage, current and estimated stator resistance of the machine. If the value of Rse is the actual value that of the machine, then (6) gives ideal estimate of the stator flux. But when there is a small error in Vs, is or Rse (Even 5%) the q-axis flux has a dc shift. This is similar to the integrator problem at low frequencies as shown in the fig 2.
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If this is the problem associated with q axis flux the problem associated with the d axis flux is as explained below [10].At steady state when all the vectors are rotating with constant magnitude and angular velocity it holds that
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From equations (6) and (7) we get
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Therefore when the stator frequency is zero, stator flux vector cannot be calculated. The fig 3 shows the stator flux estimation at various frequencies. Thus the error of Rs is dominant at low frequencies.
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The figure-4 shows the actual and estimated speed of the induction machine using voltage model equations at 0.5Hz and stator resistance has error of 5%.It is clear from the figure that even a small variations in stator resistance, Estimation of speed is impossible at low frequencies.
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B. Low Pass Filters

To solve the above mentioned problem the pure integrator can be replaced by a low pass filters [5].Thus different Techniques are proposed to solve the above problem by replacing the integrators with low pass filters.

4. NEW LOW PASS FILTER TECHNIQUES
The expression of a pure integrator 
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Where x and y are system input and output signals respectively and fc represents the cut of frequency of the low pass filter. The first term on the right hand side of the above equation represents a Low Pass Filter which is usually adopted to approximate the integrator for practical application. The second term is considered as feedback to compensate the output of the LPF. If the feedback variable y in the second term is properly adjusted and controller, the modified function can achieve better performance while the problems associated with error in parameters and measurements are totally eradicated. Three Low pass filter Techniques based on (9) are discussed and presented below.
4.1 TECHNIQUE -I SATURATED FEED BACK.
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The block diagram of technique I with saturated feedback is shown in fig-5.The saturation block saturates the output when the input exceeds the saturable limit. The output will be kept with in certain limits.
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The main shortcoming associated with technique is to determine the threshold value of the saturation block. For error less operation, the saturation value should be set to a value equal to the peak value of actual flux. When the threshold value is set below the actual flux peak value, the flux waveform may be distorted as shown in fig 6.Even though the shifted q axis flux is brought back to the original position, still there is a phase difference between actual and estimated values of flux. The figure-7 shows the actual and estimated speed. Speed is estimated from the stator flux which is estimated using technique I. Still there is a large difference in speed because of error in flux estimation.
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4.2 TECHNIQUE -II  AMPLITUDE LIMITER
The main drawback of the technique I is, it is difficult to set the threshold value of saturation block and in technique I just the shifted q axis flux is brought back to the original position but still there is a phase difference between actual and estimated flux. To overcome this problem technique II is proposed as shown in fig -8.The motor fluxes λd and λq are obtained by integrating the back emfs. The motor flux can be transformed back into its dq form using polar to Cartesian transformation. The output of this block is a sinusoidal waveform with limited amplitude. The waveform distortion and phase angle error between actual and estimated waveform is eradicated using this technique. The main drawback of this technique is that the accuracy of the technique depends on the threshold value of the limiter. If the motor operates at various flux level the threshold value should be adjusted accordingly.



The performance of the Technique II is shown the fig-9. This figure shows that the flux estimated from the Technique II is free from errors when compared to that of the Technique I. But still the problem related in setting threshold value of limiter remains unaltered. The figure-10 shows the estimated and actual speed of the induction machine. Speed is estimated from the stator flux which is estimated using technique II.It is clear from the figure that the error has been considerable improved.



To overcome the problem related with the threshold value of the limiter technique III is proposed, which is adaptive in environment.
4.3 TECHNIQUE-III ADAPTIVE COMPENSATOR

The non linear distortion caused by the other two techniques is totally eliminated by using adaptive compensator technique as shown in fig-11.It works in the principle that the motor emf is orthogonal to the flux. A PI regulator is used to generate an appropriate compensation level, which is given by
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Where Kp and Ki are the constants of PI regulator. The operation of the adaptive scheme can be explained using a vector diagram shown in fig-12.



The estimated flux 
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is composed of two components, a feed forward component 
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 which is the output of the LP filter and a feed back component 
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.In ideal case, the flux is orthogonal to the back emf and the output of the quadrature detector is zero. When a DC drift is introduced due to error in Rs in the estimator, the orthogonaility is lost and the phase angle 
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 between the flux and the emf is no longer 90 degrees. This yields to an error signal defined by                               
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When γ is greater than 90 degrees as shown in fig 12, due to increase in the feedback vector 
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caused by dc drift, the quadrature detector will generate a negative error signal. The output of the PI regulator is reduced and so as the feedback vector. As a result γ will decrease and the flux vector moves back to the original position of 90 degrees. On the contrary, if γ is less than 90 degrees, the output of the PI regulator will increase due to positive error, causing an increase in feedback. The angle γ will also change until the error signal becomes zero and the flux is orthogonal to the emf again. Obviously, the adaptive scheme can keep the estimated flux and motor emf orthogonized.


The features of the adaptive scheme are summarized as follows:

· The waveform distortion in the estimated stator flux is eliminated.

· The DC drift problem due to error in stator resistance is avoided.

· No limiters, so problem of Threshold value setting is eliminated.
Though there are advantages there is a disadvantage too. The PI controller value seems to be adaptive for various changes in the stator resistance and frequency. The performance of this technique is shown in the fig-13.
Figure 14 shows the actual and estimated speed obtained using technique-III.It is seen that the error between actual and estimated speed is almost zero.


5.CONCLUSIONS
Three techniques for motor flux estimation is proposed, simulated using SIMULINK/MATLAB and compared in this paper. The accuracy of technique I largely depends on the peak value of the actual flux. Errors in the peak value results in distorted output. The technique II also depends on the peak value of flux but the distortion is totally eliminated, but the initial transients are high. In technique III all the above problems are eliminated, but the parameters of PI controller have to be adaptive and tuned for each frequency and errors in stator resistance. From the results obtained technique III is found to be the best. Future work on the adaptive law for technique III is currently under investigation
REFERENCES

 [1].I.Takahashi and T.Noguchi,”A new quick-response and high efficiency control strategy of Induction motor”, IEEE Transactions on Industrial application, vol. 22, no 5, pp 820-827, 1986.

[2].M.Depenbrock, “Direct self-control (DSC) of inverter fed induction machine”.IEEE Transaction on power electronics, vol. 3, no 4, pp 420-429, 1988.

[3].K.D.Hurst, T.G.Habetler, G.Griva and F.Profumo,”Zero speed tacholess IM torque control: simple a matter of stator voltage integration,”. IEEE Transactions on Industrial application, vol. 34, no 4, pp 790-795, 1998.

[4].B.K.Bose and N.R.Patel,”A Programmable cascaded low pass filter based flux synthesis for a stator flux oriented vector control of induction motor drive(1997),” IEEE Transactions on Industrial electronics, vol. 44.

 [5].L.E.B.Da Silva, B.K.Bose and J.O.P.Pinto,”Recurrent neural networks based implementation of a programmable cascaded low pass filter used in stator flux synthesis of vector controlled of induction motor drive”. IEEE Transactions on Industrial application, vol. 46, no 3, pp 662-665, 1999.

[6].M-H.Shin, D-S-Hyun, S-B Cho and S-Y Choe,”An Improved stator flux estimation for speed sensorless stator flux orientation control of induction motors(2000)”. IEEE Transaction on power electronics, vol. 15.

[7].J.Jiang and J.Holtz,”High dynamic speed sensorless AC drive with online parameter tuning and steady state accuracy”, IEEE Transactions on Industrial electronics, vol-44,no-2, pp 240-246.1997
 [8].J.Hu and B.Hu,”New integration algorithms for estimating motor flux over a wide speed range”, IEEE Transaction on power electronics, vol. 44, no 5, pp 969-977, 1998.

 [9].Hinkkanen, M. and Luomi.J.”Modified integrator for voltage flux estimation of Induction motors”. IEEE Transactions on Industrial electronics, 50(4), pp 818-820.2003.

[10].”Induction machine Speed Estimation-Observations on Observers “Bo Peterson.Ph.D Thesis, Lund University.
Fig 1. Induction Motor T-Equivalent Model
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Fig -2 Shifted q axis flux due to error in Rs





Fig -3(a) Actual and Estimated d axis flux at 0Hz and Rse=0.95*Rs
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Fig -3(b) Actual and Estimated d axis flux at 0.5Hz and Rse=0.95*Rs
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Fig -3(c) Actual and Estimated d axis flux at 5Hz and Rse=0.95*Rs
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Fig -3(D) Actual and Estimated d axis flux at 50Hz and Rse=0.95*Rs
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Fig -4 Actual and Estimated speed at 0.5Hz and Rse=0.95*Rs











Fig-5 Low pass Filter technique with Saturated Feedback (Technique I)
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Fig -7(Technique-I) Actual and Estimated speed at 0.5Hz


 and Rse=0.95*Rs
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Fig -6 Estimation of Stator Flux using technique I with Error in Rs


at 0.5Hz





Fig-8 Technique-II with Amplitude Limiter
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Fig -9 Estimation of Stator Flux using Technique II with Error in Rs


at 0.5Hz





Fig -10(Technique-II) Actual and Estimated speed at 0.5Hz and Rse=0.95*Rs
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Fig-11 Technique-III with Adaptive Compensator





Fig-12 Vector Diagram of Technique-III
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Fig-13 Estimation of Stator Flux using Technique III with Error in Rs


At 0.5Hz
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Fig -14(Technique-III) Actual and Estimated speed at 0.5Hz and Rse=0.95*Rs
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