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Abstract

:

The aim of paper is to investigate an efficient sensorless control method with vector-control technique for the induction motor (IM) drive systems. The proposed technique relies on the indirect rotor-field orientation control scheme (IRFOC). All sensorless control techniques are greatly affected by the observation of the speed estimation procedure. So, an efficacy new algorithm for estimating the rotor speed of the adopted machine is proposed. In addition, a simple effective method to estimate the machine rotor currents is suggested. The adopted rotor-speed observer is based on the concept of IRFOC method and the phase-axis relationships of IM. To ensure the capability of the proposed sensorless speed-control system, a simulation model is developed in the MATLAB/Simulink software environment. The robustness of the new control method is analyzed under parameter uncertainty issue. Furthermore, comprehensive experimental results are obtained. The whole obtained results confirm the validity of the proposed observer for sensorless speed control capability. The given results also verify the effectiveness of the suggested sensorless control system-based IRFOC for speed-control drive systems of IM. Moreover, the results assure that the presented rotor-speed observer is effectively robust via any parameter changes.
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1. Introduction


Induction motors are mostly used in industrial application due to their high performance, robustness, efficiency, and cost [1]. Induction Motors (IM) are generally used for high torque and adjustable speed conditions. The performance of IM is strongly dependent on its control. For a high-performance operation for speed control drive systems-based IM, the vector-control technique is preferred [2].



From the view point of the vector control technique, the field orientation scheme can be classified into two main categories dedicated as the direct/feedback (DFOC) and the indirect/feedforward (IRFOC) methods. The main difference between the two methods is in how the orientation angle is acquired. In the DFOC method, the orientation angle is obtained by using sensors (i.e., Hall sensors or flux sensing windings) or direct measurement techniques of terminal voltages and currents [3]. On the other hand, the space-vector flux orientation in the IRFOC method is predicted with the help of the slip and the actual speed. In general, the rotor flux-based IRFOC for induction motor drives is most commonly used in industries for its simplicity [4,5].



Generally, the accuracy level of IRFOC for IM speed-control drive systems is mainly based on the speed-signal measurement process using a speed sensor. However, there are several issues associated with using the sensor of speed, such as difficulties of maintenance, additional cost, reliability issue, and the requirement of an extended shaft for the sensor mounting arrangement [6,7]. The main challenge for researchers in this hot topic is to implement the whole drive system without any sensors for speed measurement. Thus, sensorless speed control strategies of induction motors have been given great attention nowadays [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22].



Various methods for the target of sensorless control of induction motors have been outlined which are based on either signal or model algorithms [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]. However, these methods have been suffering from many defects such as the complexity [17,18,19,20], the integration issue for the flux prediction process at low speeds, or the need of an observer [18,19] or Kalman filter [7]. The influence of high-frequency interference on the machine behavior is the main drawback of the speed estimation algorithm-based signal injection [8,9]. The sensorless control strategy with a model-based estimation algorithm, which is known as model reference adaptive system (MRAS) observer, has reflected the best performance [10,11,12,13,14,15,16] in mid and high-speed operating regions. However, the accuracy of these control methods is inherently decreased under the operation of low-speed narrow to zero because of the integration issue for flux calculations [19]. Furthermore, the model-based sensorless methods have many other defects such as the high dependency on the machine parameters which directly affect the accuracy of the estimation procedure and the large oscillations in transient operation [10,11,12,13,14,15,16].



In order to eliminate these issues, a simple more effective rotor-speed observer for sensorless vector-control capability-based IRFOC of IM drive systems is proposed in this paper. The adopted estimation method for IM rotor speed is implemented with the concept of IRFOC technique and the machine phase-axis relationships without the need for any observer or filter. In addition, a simple estimation method for rotor currents prediction is suggested. The efficacy of the proposed control technology is verified under various conditions of operation with speed and load variations. Furthermore, the robustness of the presented rotor-speed observer is also discussed and confirmed with a parameter uncertainty issue.



The organization of the adopted paper can be reported as follows. In Section 2, the main description of IM dynamic modeling is presented. A simple effective estimation method for the machine rotor currents prediction is completely discussed in Section 3 and verified. Section 4 describes the principle of a sensorless control algorithm based on a new observer for speed estimation. In Section 5, the adopted drive system is simulated in the Matlab/Simulink environment to verify the efficacy of the proposed sensorless control strategy. Section 6 covers the experimental test platform as developed in the laboratory.




2. Dynamic Model of IM


The overall dq model of the adopted induction machine is given as [1]:



The dq-axis voltage components of the stator and rotor windings are expressed as


        v   q s    =  r s   i   q s    +  d  d t    λ   q s    + ω  λ   d s           v   d s    =  r s   i   d s    +  d  d t    λ   d s    − ω  λ   q s          0 =  r r   i   q r    +  d  d t    λ   q r    +  (  ω −  ω r   )     λ   d r          0 =  r r   i   d r    +  d  d t    λ   d r    −  (  ω −  ω r   )     λ   q r          



(1)




where,   v ,   i ,    and    λ   denote the voltage, current, and flux linkage components of the machine sides. In addition, the subscript ‘s’ represents the stator-winding side. Moreover, the subscript ‘r’ defines the rotor-winding side. Furthermore,    r s    and    r r    denote the stator and rotor winding resistances, respectively.



Considering that,


  ω =  P 2     ω f  ;                              ω r  =  P 2     ω  r m    



(2)




where,    ω f    denotes the mechanical angular speed of the arbitrary reference frame. In addition,    ω  r m      and     ω r    define the IM mechanical and electrical rotor angular speed, respectively. Furthermore,  P  represents the associated number of poles.



Moreover, the associated flux linkage expressions are obtained as


        λ   q s    =  L s   i   q s    +  L m   i   q r           λ   d s    =  L s   i   d s    +  L m   i   d r           λ   q r    =  L r   i   q r    +  L m   i   q s           λ   d r    =  L r   i   d r    +  L m   i   d s          



(3)







Considering that,


   L s  =    L  l s   +  L m  ;              L r  =    L  l r   +  L m   



(4)




where,    L  l s      and     L  l r     denote the leakage inductances of stator and rotor windings, respectively. In addition,    L m    defines the magnetizing inductance.



The electromagnetic torque expression is given as [1].


   T e  =  (   3 2   )     (   P 2   )   (     L m     L r     )   (   λ   d r     i   q s    −  λ   q r     i   d s     )   



(5)







The equation of the electro-mechanical torque is obtained as


   T e  =  T L  + J   d  ω  r m     d t   + B    ω  r m    



(6)




where,    T L    denotes the load torque. Furthermore,   J    and    B   represent the moment of inertia and the friction coefficient, respectively.




3. A Simple Effective Estimation Method for Rotor Current Prediction


In this section, a simple effective estimation method to predict the machine rotor current is proposed and verified. Aided with the measured three-phase stator voltages and currents and using the abc/dq-axis transformation matrix of IM windings,    K  t r     is based on the command frame angle (slip angle which will be discussed and obtained in the next section) and    θ  s l     as the frame angle,    θ f  .   The transformation matrix of the IM abc-axis variables into any dq-axis arbitrary reference frame,    K  t r   ,   can be written as follows [1]:


   K  t r   =  2 3   (      c o s    θ f      c o s  (   θ f  −   2 π  3   )      c o s  (   θ f  +   2 π  3   )        − s i n    θ f      − s i n  (   θ f  −   2 π  3   )      − s i n  (   θ f  +   2 π  3   )       )   











Based on the resulted dq-axis stator voltages and currents, defined with the superscript ‘sl’ in Figure 1, and aided with (1) and (3) considering that the slip speed,    ω  s l   ,   is selected as the frame speed,    ω f  =  ω  s l   ,   the estimated dq-axis rotor currents can be determined. From which, the corresponding estimated three-phase rotor currents, defined with the superscript ‘est’, can be easily obtained as shown in Figure 1.



To confirm the efficacy of the proposed estimation procedure for the adopted IM rotor currents, some results are obtained and shown in Figure 2 for the three-phase rotor currents response. It is obvious from Figure 2 that the predicted three-phase rotor currents successfully track the corresponding actual values which confirm the capability of the proposed estimation method, as shown in Figure 1, to effectively predict the machine rotor currents.




4. Proposed Sensorless Control Scheme based a New Rotor-Speed Observer with the Principle of Indirect Field-Orientation Technique


The main concept of filed orientation technique for IM drives is to independently control the flux and torque components [2]. The controllable vector quantities are transformed into its corresponding dq-axis components in synchronous frame (with a position    θ e  ,   defined as the electrical angle of the stator-winding flux vector) where these quantities appear as dc components [4].



In general, the presented IRFOC method can be realized by aligning the total flux vector of the rotor windings,    λ r   , with its associated d-axis (de-axis) [2]. In other words, the de-axis flux of the rotor-winding,    λ   d r    ,   is equal to the total value of the flux vector (   λ   d r    =  λ r   ), and hence, the qe-axis flux component,    λ   q r    ,   is set to zero (   λ   q r    = 0  ). Figure 3 illustrates the conceptual phase-axis relations of IM.



To detect the flux vector of the rotor windings (the magnitude,    λ r  ,   and the angle,    θ e  )  , the IRFOC method is used in this paper for its popularity in speed control drive systems. Figure 3 describes the main concept of IRFOC using the phase-axis relations of IM. The stator axes are denoted as ds-qs, however, the rotor axes are represented as dr-qr with a speed of    ω r    as illustrated in Figure 3 [2]. The synchronous frame axes de-qe are movable ahead of the rotor axes by the slip speed,    ω  s l   ,   and the angle,    θ  s l   .   In order to investigate the flux and torque control purpose with a decoupled effect, the machine actual torque is controlled via the qe-axis stator current component,    i   q s    ,   and the de-axis current component,    i   d s    ,   is directed to control the corresponding machine as in Figure 3.



Based on the proposed IRFOC method, it is desirable that    λ   q r    = 0   and    λ   d r    =  λ r  .   From which and using (3) and (5) for a command electromagnetic torque,    T e    *  ,   the command dq-axis stator current components can be obtained, assuming a command constant rotor-flux,    λ r    *  ,   and an actual rotor flux,    λ  r     ,   as follows


   i   q s      *  =  (   2 3   )   (   2 P   )   (     L r     L m     )     T e    *     λ  r        



(7)






   i   d s      *  =    λ r    *     L m       



(8)







In addition, the command speed of the machine synchronous reference frame,    ω e    *  ,   (electrical angular frequency of stator winding) can be obtained using the measured rotor speed,    ω r  ,   as.


   ω e    *  =  ω  s l   +  ω r   



(9)







Hence, the command frame angle,    θ e  ,   can be obtained by the integration of the frame speed,    ω e    *  .  



The slip-speed,    ω  s l   ,   is determined, based on the proposed IRFOC method, as [2]:


   ω  s l   =    L m     r r     λ  r          L r       i   q s     



(10)







In addition, the stator dq-axis current components,    i   d s      and    i   q  s       ,   can be determined aided with the measured three-phase stator currents and using the abc/dq-axis transformation matrix of IM windings,    K  t r   ,   based on the command frame angle,    θ e  ,   as the frame angle,    θ f  .   The transformation matrix of the IM abc-axis variables into any corresponding dq components,    K  t r     [1].



Furthermore, the actual flux of the rotor windings,    λ  r     ,   can also be obtained, based on IRFOC, as:


     L r           r r      d  λ  r       d t   +  λ  r     =  L  m      i   d s     



(11)







It can be observed from the above analysis that the presented vector-control system mainly relies on the measured speed of the adopted IM,    ω r  .   Therefore, a speed encoder is needed for this drive system. In general, the speed sensor will add some issues for the adopted drive system such as increasing the overall cost, suffering from reliability issue, and the need of mechanical arrangements [7].



In order to eliminate these defects, the prediction of the speed signal is the main challenge for the control target. In this paper, a proposed rotor-speed estimation approach is implemented for sensorless control capability of IM drives.



The rotor position of IM,    θ r  ,   is obtained, aided by the measured voltages and currents as follows:



Firstly, the vector angle of the stator current (with respect to the machine natural axes ds-qs),    θ   I s    ,   shown in Figure 3, is obtained using the measured values of the three-phase stator currents as.


   i s  = X      i  a b  c s       



(12)






   θ   I s    = a n g l e    (   i s   )   



(13)




where,


  X =  (       2 3       2 3   e  j   2 π  3         2 3   e  j   4 π  3         )   











In addition, the slip angle,    θ  s l   ,   can be determined by integrating the slip-speed obtained from (10). From which, the rotor dq-axis current components,    i   d r      e    and    i   q  r         e  ,   in the synchronous reference frame, can be obtained based on the angle,    θ f  =  θ  s l   ,   and using the abc/dq-axis transformation matrix of IM variables,    K  t r     [1].



Then, based on (3) and using the actual rotor-flux obtained from (11), the de-axis component of the stator current,    i   d s      e  ,   is determined. In addition, based on the proposed IRFOC (   λ   q r    = 0 )   and using (3), the qe-axis component of the stator current,    i   q s      e  ,   is also realized.



From which, the vector angle of the stator current (with respect to the axes de-qe),   ε ,   shown in Figure 3, can be determined as:


  ε =   tan   − 1        i   q s      e     i   d s      e     



(14)







Finally, the command frame angle,    θ e  ,   can be estimated as.


   θ e  =  θ   I s    − ε  



(15)







From which, the rotor-position of the IM can be obtained based on (9) as.


   θ   r  e s t     =  θ e  −  θ  s l    



(16)







After getting the estimated angle,    θ   r  e s t     ,   the rotor speed can be easily estimated by differentiating the rotor-position of IM (   ω   r  e s t     =   d  θ   r  e s t       d t   )  . However, this method gives a fully noisy rotor-speed signal to be estimated which will affect the behavior of the presented IRFOC drive system and will need an observer to overcome this issue [23,24]. Therefore, a very simple approach is suggested in this paper to obtain the estimated rotor-speed signal of IM from the determined rotor-position without the need for any observer.



The proposed method is simply based on supposing a unit polar signal with an absolute value of ‘One’ and an angle of ‘    θ   r  e s t      ’. Then, this polar signal is converted to its cartesian form ‘X and Y’ as follows.


  X = cos  θ   r  e s t     , Y = sin  θ   r  e s t      











From which, the estimated rotor-speed signal can be directly obtained as [23,24]:


   ω   r  e s t     =   d  θ   r  e s t       d t   =  d  d t    (    tan   − 1      Y X   )  =   d Y   d t     X −   d X   d t     Y  



(17)







The formula in (17) is simply given based on the mathematical assumption of the differentiation process of ‘   t a  n  − 1    ’. Aided with the estimated rotor-position, from (16), and using two derivative blocks for ‘X and Y’ to obtain the corresponding quantities ‘dX/dt and dY/dt’, then the rotor speed can be smoothly detected using (17). After getting the estimated rotor-speed, a desired speed is set and compared with the predicted value to obtain the corresponding reference torque,    T e    *  ,   as illustrated in Figure 4. Then, the command stator qe-axis current,    i   q s      *  ,   can be determined using (7) by setting a reference rotor-flux value,    λ  r       *  .   Moreover, the command stator de-axis current,    i   d s      *  ,   can also be obtained using (8).



Finally, the reference three-phase stator currents are obtained using the command currents    i   d s      *    and    i   q s      *    with the help of the command frame angle,    θ e  ,   obtained from (15) and using the inverse of    K  t r   .   Hence, the difference error between the command three-phase stator currents and the corresponding actual quantities are controlled with the aid of hysteresis-band current controller, as shown in Figure 4, to obtain the associated required pulses of the adopted converter.




5. Simulation Results


In order to validate the suggested speed estimation approach for sensorless control systems of IM, some of the obtained results are presented. The results are given with a four-pole, 1.8 kW IM. All related parameters of the adopted drive system are illustrated in the Appendix A section [25].



5.1. Effectiveness of the Proposed Rotor Speed Observer


The efficacy of the proposed sensorless control strategy has been studied for a command rotor flux of 0.8 V·s/rad and a reference speed profile shown in Figure 5.



It can be illustrated from Figure 5 that the actual IM rotor-speed tracks its corresponding command value along with the overall reference speed profile. This ensures the effectiveness of the presented IRFOC method for the speed control target of IM drive systems.



Figure 6 shows the estimated rotor-speed response and the corresponding actual speed response of the adopted IM. It should be noted that the actual IM rotor-speed is measured only for monitoring purposes and not for control. Therefore, it is not illustrated in Figure 4.



It is obvious from Figure 6 that the estimated speed of IM is successfully tracking the actual value which ensures the efficacy of the suggested speed-estimation approach.



Figure 7 shows the response of the estimation error which is given by


  E s t i m a t i o n   E r r o r =  ω  a c t u a l   −  ω  e s t i m a t e d    



(18)







It is obvious from Figure 7 that the speed-estimation error as a percentage of the actual IM rotor-speed has been changed within acceptable percentages which ensures the correlation between the estimated rotor-speed and its corresponding actual value. This confirms the effectiveness of the proposed speed-estimation approach for sensorless vector-control strategy of the IM drive system.



It can also be illustrated from Figure 6 that both the actual speed and the estimated speed response have been changed to track the command speed profile shown in Figure 5. This ensures the capability of the proposed sensorless vector-control strategy for speed-control drive systems of IM.



In addition, the response of the load torque variations and the corresponding electromagnetic torque is shown in Figure 8. Furthermore, the responses of the stator phase-current and also the rotor phase-current during different periods are shown in Figure 9 and Figure 10, respectively.



It is obvious that the electromagnetic torque has successfully tracked the load torque variations with a good transient response and a smooth change in both the stator phase current and the rotor phase current as illustrated in Figure 9 and Figure 10, respectively. This validates the efficacy of the proposed sensorless control system for the adopted IM drive applications.



On the other hand, Figure 11 shows the response of the machine rotor flux. Furthermore, the response of the stator dq-axis current components is also shown in Figure 12 and Figure 13 respectively.



A constant level of the rotor-winding flux has been successfully observed according to the command setting value, as shown in Figure 11. In addition, it is obvious from Figure 12 that the d-axis stator-winding current component has been maintained constant at its command value which refers to the desired value of the command rotor flux, as shown in Figure 11, according to (8).



This confirms and validates the capability and effectiveness of the proposed control system to effectively estimate the correct position,    θ e  ,   for the required rotor-winding flux orientation and maintain the rotor flux at a constant command value according to the presented IRFOC scheme.



It can also be illustrated from Figure 13 that the q-axis stator-winding current component has effectively tracked its command values, which refers to its corresponding electromagnetic torque variations, shown in Figure 8, according to (7), which verifies the efficacy of the presented speed-control drive system.



The obtained results confirm the validity of the proposed rotor-speed observer for sensorless vector-control capability. Furthermore, the results verify the effectiveness of the suggested sensorless speed-control system for IM drives.




5.2. Robustness Confirmation Against Parameters Uncertainty


In order to confirm the effectiveness of the proposed new rotor-speed observer against the parameter changes of IM that affect the sensorless control procedure which has been discussed in Section 4, e.g., the variation of inductances    L r  ,    L m  ,   and also the variation of IM rotor resistance    r r  ,   some of the obtained results are introduced as shown in Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19.



To verify the robustness of the proposed rotor-speed observer under the case of parameter variations, the results are carried out with 150% uncertainties of the whole parameters that affect the calculations of the suggested algorithm for the proposed new observer, as in Section 4.



It is obvious from Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19 that the validity of the proposed rotor-speed observer and its capability for a sensorless speed-control system are not affected by the uncertainty issue of the adopted IM parameters, e.g., the IM inductances and also the rotor resistance. This confirms and proves the functionality and robustness of the new rotor-speed observer for a sensorless vector-control system of IM drives.



All presented results ensure the effectiveness and capability of the proposed sensorless speed-control system based on a suggested new rotor-speed observer for IM drives.





6. Experimental Work


In order to confirm the efficacy of the presented sensorless control procedure, the progress towards obtaining the experimental results is completely outlined in this section which ensures the effectiveness of the suggested procedure. For this aim, the implementation process in terms of preparing the adopted IM setup and the whole control system are described with more details in this paper.



A squirrel cage induction motor is driven with a three-phase inverter whose gating signals are obtained using the control circuits implemented in dSPACE environment using a DS1104 controller board. The DS1104 board is based on the Texas Instrument TMS320F240 floating-point Digital Signal Processor (DSP) [26]. For the control purpose, voltage and current signals are measured to be used as inputs to the dSPACE environment. Therefore, the presented set-up needs some interface circuits such as voltage and current transducers. The implementation process in terms of preparing the adopted IM setup and the whole control system are shown in Figure 20.



In order to investigate the adopted sensorless speed control algorithm, the presented procedure based on the proposed speed-estimation approach is tested using the adopted dSPACE environment with a set point of reference speed as shown in Figure 21 and Figure 22 for the start-up condition and the load-change operation, respectively. Figure 21 and Figure 22a–c donate the actual and estimated speed response, the electromagnetic torque, and the corresponding stator phase-A current.



After getting the estimated IM rotor-speed, a desired speed is set and compared with the predicted value, according to Figure 4, to obtain the corresponding reference torque aided with a PI controller whose gains are adjusted using the “trial and error” principle.



The adjustment of these controller gains needs to be carefully considered. In addition, the high frequency noise resulted in the estimated speed of the experimental work as in Figure 21a and Figure 22a and is to be fully eliminated in future work. However, the presented obtained results have been applied in the presented drive system application by using a suitable simple filter, which is to be addressed.



A good transient response can be observed of the stator-winding phase current under the proposed sensorless speed-control drive system as shown in Figure 21c and Figure 22c. It can also be concluded from Figure 21a and Figure 22b that the IM rotor-speed has been practically estimated with a good correlation between the actual and predicted value assuring a good transient response which ensures the efficacy and validity of the suggested speed-estimation procedure.




7. Conclusions


This paper has proposed a sensorless vector-control strategy for speed-control drive systems of IM. The proposed sensorless vector-control strategy has been based on the rotor-winding flux orientation (IRFOC method) and the validity of the machine rotor-speed estimation. In order to eliminate the complexity issues and to reduce the overall cost of the control system, the simplicity purpose of the rotor-speed estimation procedure is the main challenge for sensorless control capability of IM drive systems. This paper has attempted to fill this void by proposing a simple, more effective theoretical approach for detecting the rotor-speed signal of the adopted IM using the phase-axis relationships of the machine. The presented simulation results have confirmed the capability of the proposed control technique to estimate the correct position,    θ e  ,   that achieves the intended rotor-winding flux orientation. In addition, a close correlation between the estimated and actual IM rotor-speed has been observed, which verifies the validity of the proposed rotor-speed observer. Moreover, the obtained results ensure the capability of the presented sensorless control system for speed-control purpose. Furthermore, the results have ensured the robustness and efficacy of the proposed rotor-speed observer against parameter uncertainty issues.







Author Contributions


Conceptualization, M.G.H. and W.X.; Methodology, M.G.H.; Software, M.G.H.; Validation, M.G.H., W.X., Y.L. and S.M.A.; Formal Analysis, M.G.H.; Investigation, M.G.H.; Resources, M.G.H.; Data Curation, M.G.H.; Writing-Original Draft Preparation, M.G.H.; Writing-Review & Editing, M.G.H. and Y.L.; Visualization, M.G.H. and S.M.A.; Supervision, W.X. and Y.L.




Funding


This work has been partly supported by National Natural Science Foundation of China (NSFC 51877093 and 51707079), National Key Research and Development Program of China (Project ID: YS2018YFGH000200), and Fundamental Research Funds for the Central Universities (2019kfyXMBZ031).




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. Complete parameters of the adopted IM [25].






Table A1. Complete parameters of the adopted IM [25].





	Rated Line Voltage
	400 V



	Rated Frequency
	50 Hz



	    r s    
	5.71 Ω



	    r r    
	4.08 Ω



	    L   l s      
	14.3 mH



	    L   l r      
	14.3 mH



	    L m    
	670.5 mH



	Rotor Inertia, J
	0.011 kg.m2
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Figure 1. Main estimation procedure for the three-phase rotor currents of the adopted IM system. 
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Figure 2. Verified estimated response of the IM rotor currents compared with the corresponding actual values. 
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Figure 3. IM phase-axis relations in the case of IRFOC technique. 






Figure 3. IM phase-axis relations in the case of IRFOC technique.



[image: Energies 12 03613 g003]







[image: Energies 12 03613 g004 550] 





Figure 4. Conceptual diagram of the adopted sensorless control system. 
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Figure 5. Command speed response and its corresponding actual value. 
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Figure 6. Estimated and actual speed response of IM. 
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Figure 7. Speed-estimation error. 
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Figure 8. Electromagnetic torque response and the load torque. 
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Figure 9. Stator phase-current response. 
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Figure 10. Rotor phase-current response. 
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Figure 11. Response of the rotor flux. 
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Figure 12. Stator current d-axis component. 
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Figure 13. Stator current q-axis component. 
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Figure 14. Estimated and actual speed response of IM under parameter changes (150% uncertainty). 
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Figure 15. Speed-estimation error under parameter changes (150% uncertainty). 
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Figure 16. Electromagnetic torque response and the load torque under parameter changes (150% uncertainty). 






Figure 16. Electromagnetic torque response and the load torque under parameter changes (150% uncertainty).



[image: Energies 12 03613 g016]







[image: Energies 12 03613 g017 550] 





Figure 17. Stator phase-current response under parameter changes (150% uncertainty). 
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Figure 18. Rotor phase-current response under parameter changes (150% uncertainty). 
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Figure 19. Response of the rotor flux under parameter changes (150% uncertainty). 
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Figure 20. Conceptual diagram of the adopted sensorless control system. 
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Figure 21. Experimental validation of the proposed sensorless system for IM drives under the start-up condition. 
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Figure 22. Experimental validation of the proposed sensorless system for IM drives under the load change condition. 
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