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Abstract

:

This paper deals with fault-tolerant control (FTC) of an induction motor (IM) drive. An inter-turn short circuit (ITSC) of the stator windings was taken into consideration, which is one of the most common internal faults of induction machines. The sensitivity of the classic, well-known voltage and current models to the stator winding faults was analyzed. It has been shown that these classical state variable estimators are sensitive to induction motor parameter changes during stator winding failure, which results in unstable operation of the direct field-oriented control (DFOC) drive. From a safety-critical applications point of view, it is vital to guarantee stable operation of the drive even during faults of the machine. Therefore, a new FTC system has been proposed, which consists of new modified rotor flux estimators, robust to stator winding faults. A detailed description of the proposed system is presented herein, as well as the results of simulation and experimental tests. Simulation analyses were performed using MATLAB/Simulink software. Experimental tests were carried out on the experimental test bench with a dSpace DS1103 card. The proposed solution could be applied as an alternative rotor flux estimation technique for the modern FTC drive.
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1. Introduction


Vector methods enable precise regulation of the electromagnetic torque or/and angular speed of induction machines; therefore, they are utilized in many practical applications [1,2]. These systems should be equipped with additional estimators of the induction motor (IM) state variables, such as a rotor or a stator electromagnetic flux [1,3]. One of the most popular types of estimators are those based on mathematical models of the machine. One such group of systems are the closed-loop estimators: observers [3], Kalman filters (KF) [4], model reference adaptive systems (MRAS) [5], and sliding mode observers (SMO) [6]. Open-loop estimators, which are based on the voltage model (VM) or the current model (CM) of the machine [1,3], are used as well. All these estimators are used in modern drive systems.



The main issue of machine-model-based estimators is related to a parameter mismatch between machine and estimator. Another problem relates to inexact mathematical models of the machine. Parameters such as rotor and stator resistance fluctuate during normal operation of the drive (heating process of the windings) [7]. These parameters vary as a results of internal faults of the machine as well. In general, faults can be categorized into mechanical and electrical [8,9,10,11]. Electrical faults in particular may led to changes of the parameters and model of the machine [12]. The most common electrical faults are related to stator windings. These are caused by insulation degradation inside the machine [8,13,14]. The first stage of a stator winding fault is the inter-turn short circuit (ITSC) within a coil [8]. This results in stator resistance decrease and in asymmetry of the stator windings; therefore, the structure of the machine’s mathematical model differs from the common model due to an increase in the state variable number [8].



Stator winding faults have negative impacts on IM properties. In comparison to rotor winding degradation, stator faults proceed relatively rapidly [8]. In extreme cases, they may led to total failure of the IM, or even the entire drive system as well. Nevertheless, incipient detection of this type of fault is possible.



Many studies have focused on the incipient detection of ITSCs [10,11,14] for open-loop control schemes [15,16,17,18], as well as for closed-loop vector control structures of the IM. Field-oriented control (FOC) [19,20,21,22], direct torque control with switching table (DTC-ST) [23,24], and direct torque control with space-vector modulation (DTC-SVM) [21] structures have been considered.



In the abovementioned papers, the possibilities of utilizing signals from internal control scheme feedback, measured stator currents, and rotor speed in the incipient detection of ITSCs were studied. The main goals of this research were to identify the point at which the drive should be turned off and/or the staff should be informed about a failure.



Fault-tolerant control (FTC) systems have recently been developed for modern IM drives [9,10]. The FTC approach assumes the necessity for the stable operation of a drive even when faults with relatively heavy severity occur in machines [9], power electronics modules [25], and sensors [26]. The main goal of these systems, which are also known as drive systems with a high level of safety, is to enable the drive operation even after fault occurrence. It is assumed that after fault detection, a drive should be stopped or—if possible—it should operate until termination of the whole cycle of a process. In general, two main FTC approaches are used for internal machine faults: hardware (physical) or analytical redundancy [27].



In Reference [28], a hardware redundant FTC system was presented. The system is based on a setup with two coupled IMs (parallel or serial connection). During the healthy drive conditions, only one motor is utilized, but when a fault occurs, the motor is turned off. Due to the physical redundancy, the system can continue its operation as the second motor is started by a fault management unit. Another approach is to use multiphase motors with physical redundancy [29]. These types of machines allow for the acceptable operation of the drive after the stator windings lose a phase. The main drawbacks of FTC systems based on hardware redundancy are high costs and complexity [27,30].



Alternative solutions are FTC systems based on analytical redundancy. They may be a less expensive way of achieving fault tolerance of a drive. The hardware complexity of the system is also smaller [27,30,31]. Several approaches based on analytical redundancy have been developed for IM drives with internal faults. The first uses additional units in control structures, which inject additional control signals which compensate for the negative impact of the internal fault on the drive performance. A milestone in the research on this issue was Reference [32]. The authors of this paper utilized a feedback linear control (FLC) scheme with an additional embedded controller to compensate for the negative effects of broken rotor bars in a closed-loop control drive. Afterwards, several systems for ITSC effect compensation were developed based on the abovementioned paper. In Reference [33], an approach which deals with backstepping control was proposed, and it was then improved using additional schemes, such as the extended Kalman filter (EKF) [34] or the SMO [35] to estimate fault-related signals. Another technique is based on sliding mode control (SMC) [36,37] with an additional estimation unit—EKF [38]. It is important to point out that each of the presented FTC systems are based on sophisticated nonlinear control methods.



Nonetheless, other techniques for ITSC effect compensation in IMs have been considered in control schemes with classical (PI or hysteresis) controllers as well. In Reference [39], an extended state observer [40] was used to eliminate a decoupling between flux and torque control paths, caused by an ITSC in the FOC scheme. This method was based on the assumption that accurate estimation of the state variables of a machine during ITSCs enables precise control of the IM and ensures stable operation of the drive. In Reference [41], a SMO was used as a subsystem of the FTC unit in the FOC structure of wind turbine with an induction generator.



In Reference [42], a modified stator winding resistance estimator based on an artificial neural network (ANN) was applied to counteract the negative effects of the ITSC in the DTC-ST scheme.



Another interesting technique which can be used at a later stage of fault counteraction is related to a control scheme with switched controllers, proposed in Reference [43] for sensor-fault-tolerant drives. In Reference [44], the same solution was developed for the internal faults of an IM. Furthermore, it is possible to reduce the value of a current in shorted circuits using the methods described in References [45,46]. Another advantage is the longer operation of the drive during ITSCs until the value of the stator current exceeds the permitted threshold or the drive is safely stopped by a control unit.



Based on the presented state of research, it can be concluded that fault-tolerant drives which are oriented to compensation for the negative effects of internal IM faults pertain to numerous research fields. It is necessary to point out that not all the scientific problems have been considered so far. For example, there are no papers in the literature with a comprehensive analysis of the impact of ITSCs on selected IM state variables’ estimation accuracy, especially studies using well-known open-loop estimators of rotor flux (current and voltage model), which are still used in control schemes. The main contributions of this paper are:




	
A comprehensive state of the art review about FTC systems for stator winding faults of induction machines;



	
Detailed analysis of the impact of an ITSC on the accuracy of IM rotor flux estimation by open-loop estimators (analytical substantiation included);



	
Analysis of an impact of an ITSC on the performance of a closed-loop control scheme (DFOC) with open-loop rotor flux estimators;



	
A new FTC unit for ITSCs is proposed, based on modified rotor flux estimators.








The article is divided into several sections. Section 2 contains a mathematical model of an IM with faulted stator windings. Mathematical models of open-loop estimators of the rotor flux are then presented. Section 3 includes a description of open-loop (v/f) and closed-loop (DFOC) control structures. In Section 4, the results of simulations which illustrate the impact of an ITSC on drive properties and analytical substantiation of the obtained results are presented. In the next section, detailed descriptions of the proposed FTC unit, as well as the results of the simulation validation are shown. Section 6 includes experimental verification of the proposed system. Lastly, in Section 7, the conclusions are presented.




2. Mathematical Model of Induction Motor with Short Circuits in Stator Windings


To perform a computer simulation of an induction motor with faulty stator windings, a mathematical model was necessary. Therefore, in this paper, a model which was proposed in Reference [47] was used. The model enabled simulation of an ITSC in each phase of the IM. Figure 1 shows a schematic diagram of an IM with an ITSC in phase A.



In this paper, the following nomenclature is used to describe stator windings: Ns—number of turns per phase, Nsh—number of shorted turns in phase, ηf—fraction of shorted turns.



To simulate an ITSC in each phase of the machine, the additional vector fault µαβ was utilized. The components of µαβ represent the phase in which a fault occurs, and the modulus of µαβ represents the fraction of shorted turns. Fault vectors for each phase can be calculated by the Equations:


   μ  α β | A   =  η  f A      [     1   0     ]   T   



(1)






   μ  α β | B   =  η  f B      [      −  1 2         3   2       ]   T   



(2)






   μ  α β | C   =  η  f C      [      −  1 2      −    3   2       ]   T   



(3)




where ηfA, ηfB, ηfC—fractions of shorted turns in phases A, B, C of stator windings, respectively.



The current and the electromagnetic flux in the shorted circuit are described by:


   i f  =    ψ f  −  μ  α β     T   ψ s     (   2 3     |   μ  α β    |   2  −  |   μ  α β    |   )   L  σ s      



(4)






    d  ψ f    d t   = −  R s   μ  α β     T   i s  +  (   |   μ  α β    |   R s  +  R f   )   i f   



(5)




where Rs—stator winding resistance, Rf—fault resistance, Lσs—stator winding leakage inductance. is—stator current, ψs—stator electromagnetic flux vectors.



The machine equations in the stationary reference frame (α–β) are expressed as:


    d  ψ s    d t   =  u s  −  R s   (   i s  −  2 3   μ  α β    i f   )   



(6)






    d  ψ r    d t   = −  R r   i r  + j  p b   ω m   ψ r   



(7)






   i s  =    L r   w   ψ s  −    L m   w   ψ r  +  2 3   μ  α β    i f   



(8)






   i r  =    L s   w   ψ r  −    L m   w   ψ s   



(9)




where Rr—rotor resistance, Ls, Lr, Lm—stator, rotor, magnetizing inductances, respectively, us—stator voltage, ir—rotor current, ψr—rotor electromagnetic flux vectors, ωm—rotor speed, w = LsLr − Lm2.



The electromagnetic torque and mechanical dynamics are given by:


   T e  =  3 2   p b  Im  {   ψ s *   (   i s  −  2 3   μ  α β    i f   )   }   



(10)






    d  ω m    d t   =  1 J   (   T e  −  T l   )   



(11)




where pb—number of pole pairs, J—inertia, Tl—load torque.




3. Mathematical Models of Rotor Flux Estimators


In this paper, two well-known estimators of rotor flux were tested, which are named the voltage and current models. Those estimators are based directly on the stator winding model and rotor winding model of the “healthy” machine [1,3]. In this model, the parameters of the IM are constant:


    d  ψ s    d t   =  u s  −  R s   i s   



(12)






    d  ψ r    d t   = −  R r   i r  + j  p b   ω m   ψ r   



(13)






   i s  =    L r   w   ψ s  −    L m   w   ψ r   



(14)






   i r  =    L s   w   ψ r  −    L m   w   ψ s   



(15)







The first is the voltage model, which is based on the stator voltage (12) and current-flux (14) and (15) equations of the IM [3]:


   ψ r    v  =    L r     L m      ∫  (  u s  −  R s   i s  ) d t    −  w   L m     i s   



(16)







It can be observed that the presented model depends on motor parameters, especially on stator resistance, which varies depending on temperature and ITSC. This can result in inaccurate estimation of the rotor flux.



The second open-loop estimator is the current model, which is based on the rotor voltage (13) and the current-flux (14) and (15) equation of the IM [3]:


   ψ r    i  =   ∫   (     R r     L r     (   L m   i s  −  ψ r    i   )  + j  p b   ω m   ψ r    i   )  d t     



(17)







As opposed to VM, the CM is independent of the stator winding model. Therefore, quite a common assumption is that CM is robust to ITSCs, due to its independence from stator resistance.



Nevertheless, there is some doubt with regards to this assumption. During an ITSC, asymmetry of the stator windings occurs, and the equations of the machine model are changed, which may result in the inaccurate estimation of rotor flux by CM and the deterioration of closed-loop drive performance as well. In the following sections of the paper, results and analytical substantiation are presented to confirm the proposed hypothesis.




4. Description of Control Structures of Induction Motor


In this paper, two types of control methods of IMs have been taken into consideration. The first is the open-loop scalar method, known as v/f = const, which is simple in implementation but does not ensure precise control of electromagnetic torque and rotor speed, especially during dynamic states. A detailed description of this scalar technique can be found in References [1,2,3], and in Figure 2, a schematic diagram of the control structure is shown. The main motivation for performing a test using this control structure was to eliminate the influence of the closed-loop control system, which can compensate negative effects of the faults. Rotor flux estimators work in open-loop mode, using only measured signals such as current, voltage, and rotor speed.



In the second case, the was IM operated in a closed-loop control scheme based on DFOC, which has been described accurately in the literature [2,3]. The main goal of this structure is to regulate the flux and the electromagnetic torque of the IM by separate control paths, which enables the achievement of a high dynamic and steady-state performance of the drive. A control path with a isx component of the stator current is responsible for stabilizing the rotor flux, whereas the second path, with a isy component, regulates the electromagnetic torque generated by the motor. If the machine is supplied by the voltage source inverter (VSI) the stator voltage equations in a synchronous rotating reference frame x − y are given by:


   u  s x      r e f   =  R s   (   f x     r e f   +  e x   )   



(18)






   u  s y      r e f   =  R s   (   f y     r e f   +  e y   )   



(19)







Signals fx,yref and ex,y are given by:


   f x     r e f   =  i  s x   +    L s  σ    R s      d  i  s x     d t    



(20)






   f y     r e f   =  i  s y   +    L s  σ    R s      d  i  s y     d t    



(21)






   e x  =    L m     R s   L r      d  ψ r    d t   −    L s  σ    R s     ω  ψ r    i  s y    



(22)






   e y  =    L m     R s   L r     ω  ψ r    ψ r  +    L s  σ    R s     ω  ψ r    i  s x    



(23)




where ωψr—synchronous angular speed of rotor flux,   σ = 1 −    L m 2     L s   L r     .



It can be observed that both control paths are coupled (the isx component depends on the isy and vice versa). Therefore, to ensure independent control of both signals, an additional decoupling block was used in this control scheme. The decoupling block calculated signals ex, ey which were subtracted from the output reference signals (fxref, fyref) from the PI controllers of the stator current isxy components.



Figure 3 shows a block diagram of the DFOC with rotor flux estimator (CM or VM) as an integral part of whole system. In this control algorithm, accuracy of rotor flux estimation determines the performance and properties of the drive. If the rotor flux estimator is unstable during IM parameter changes, the whole system will be unstable too.




5. Impact of Inter-Turn Short Circuits (ITSCs) on Rotor Flux Estimation Accuracy and Drive Performance


At first, computer simulations were conducted using MATLAB/Simulink software (2016a, MathWorks, Natick, MA, USA), during which two cases were studied: operation of the drive during ITSCs in open- (in scalar control) and closed-loop control structures (DFOC).



During the tests, the ITSC was simulated only in phase A, and the fraction of shorted turns was changed in accordance with the trajectory in Figure 4. The faulted condition was started at time t = 4 s, and the value of the fault fraction was increased linearly up to about 12%. This is quite a high severity of fault, but the main goal of the FTC system is the incipient detection of the ITSC, as well as compensation for its negative impact on the drive performance. Constant values of reference angular rotor speed and rotor torque were assumed during the tests. The switching frequency of the VSI control was 8 kHz. The specifications of the tested IM are summarized in Table A1 (Appendix A).



To show the impact of ITSCs on the drive performance, the transients of the rotor angular speed, rotor flux, electromagnetic torque, and the current in phase A are shown. All the presented signals have been normalized with reference to their rated values.



(a) Performance of the CM and VM estimators in the open-loop control scheme



The results obtained for the scalar control are shown in Figure 5. An increase of shortened turns resulted in a rise of stator current amplitude, but an estimation error of the rotor flux was observed as well. In case of VM, these results were not surprising, because this estimator directly depends on stator resistance. However, although the CM is independent of the stator windings model, an estimation error of rotor flux occurred and was even greater than for VM. The explanation of this effect relates to the mathematical model of the machine, and it is described analytically at the end of this section of the paper.



(b) Performance of the CM and VM estimators in the closed-loop control scheme



Similar tests were performed for the DFOC scheme and two cases were taken into consideration: a control structure with the VM and CM. The transients of the rotor mechanical speed, rotor flux, electromagnetic torque, and the current in phase A are presented.



It can be observed that for the VM (Figure 6), the fault resulted in inaccurate estimation of the rotor flux, and consequently in the instability of the drive (for about 6% of shorted turns per phase).



Similar results were obtained for the CM (Figure 7). Due to the ITSC, an error of rotor flux was observed, and as a result, the control system was not able to regulate the speed (for about 10% of shorted turns). Furthermore, the value of the rotor flux estimation error was higher than for the VM.



It can be concluded that ITSCs had a negative impact on the drive performance for both cases. However, fault consequences were less harmful for control loop with the CM than when the VM was used. The closed-loop control system had the ability to compensate for the effects of the faults themselves, but only in a limited range. Therefore, with regards to FTC systems, it seems to be necessary to reduce the inaccuracy of rotor flux estimation during ITSCs to avoid the abrupt shutdown of the drive.



(c) Analytical substantiation of obtained results



Standard VM and CM Equations (16) and (17) are based on a healthy IM model, therefore they cannot ensure proper estimation during ITSCs. This can be proven analytically using the mathematical model of a faulted IM (Equations (6) and (11)). Based on Equations (6), (8), and (9), the real value of the rotor flux calculated by the VM is given by:


   ψ r     v r e a l   =    L r     L m      ∫  (  u s  −  R s  (  i s  −  2 3   μ  α β    i f  ) ) d t    −  w   L m    (  i s  −  2 3   μ  α β    i f  )  



(24)




whereas the real value of the rotor flux calculated by the CM, based on Equations (7)–(9), is given by:


   ψ r     i r e a l   =   ∫   (     R r     L r     (   L m  (  i s  −  2 3   μ  α β    i f  ) −  ψ r     i r e a l    )  + j  p b   ω m   ψ r     i r e a l    )  d t     



(25)







It can be easily observed that in both equations, an additional factor:    2 3   μ  α β    i f    appears, which is strictly connected with the faulted conditions of the IM. In the following sections of the paper, the additional factor is considered as the fault factor.




6. Improvement of the Drive Performance during ITSC by an FTC Unit with Modified Rotor Flux Estimators


To improve the accuracy of rotor flux estimation during ITSCs using the voltage and current models, a suitable model of the machine was necessary. The VM and CM represented by Equations (24) and (25) can estimate the rotor flux correctly during the faulted and non-faulted conditions of the machine. These models are a new concept for rotor flux estimation. Therefore, based on the hypothesis that accurate estimation of the state variables of the machine during a faulted condition enables stable operation of the drive in faulted mode, these models can be used in the new FTC unit.



The main problem is that the components of the fault factor, such as µαβ and if, cannot be measured in practice. Therefore, the only way to achieve actual information about the fault factor value is its estimation. To achieve this goal, a method based on a stator current observer can be utilized [40,47]. This idea relies on calculation of the error between the estimated and measured stator current. The estimated stator current is given by:


   i s     e s t   =    L r   w   ψ s     e s t   −    L m   w   ψ r     e s t    



(26)




where ψsest and ψrest can be calculated by:


   ψ s     e s t   =   ∫  (  u s  −  R s   i s     e s t   ) d t     



(27)






   ψ r     e s t   =   ∫   (     R r     L r     (   L m   i s     e s t   −  ψ r     e s t    )  + j  p b   ω m   ψ r     e s t    )  d t     



(28)




where isest is defined by:


   i s     e s t   =  i s  −  2 3   μ  α β    i f   



(29)




the real (measured) value of the stator current is:


   i s  =    L r   w   ψ s  −    L m   w   ψ r  +  2 3   μ  α β    i f   



(30)




and the estimation error of the stator current is expressed as:


   i s  −  i s     e s t   =  2 3   μ  α β    i f   



(31)




which is exactly equal to the fault factor.



The calculated factor can be used to adjust the voltage and current model with the aim of accurate estimation of the rotor flux, and consequently can ensure stability of the drive during ITSCs. This is not obvious for the classical CM and VM. The adjusted estimators are called the modified voltage model (MVM) and the modified current model (MCM), and the estimated rotor fluxes by them are marked respectively by ψrvm and ψrim. The MVM is based on Equation (24) and the MCM on Equation (25). Figure 8 illustrates the structure of proposed FTC system.



It is important to point out that Equation (31) is true when the parameters of the stator current estimator and the IM are matched. To eliminate a parameter mismatch problem, the estimation error decomposition technique can be used [47], as well as other methods which enable the identification of machine parameters [7,48,49]. In this paper, problems related to parameter mismatch were not considered.



Computer simulations were performed to validate the proposed FTC unit. The conditions of the test were the same as in the previous section. Open-loop and closed-loop control structures for the IM were tested.



(a) Performance of the open-loop control system with FTC unit



Results for the v/f control structure are shown in Figure 9. The FTC unit was activated at t = 10 s. Rotor flux estimated by both modified estimators covered the real value of the flux. A difference between estimated and real value of the stator current was observed, and therefore the fault factor could be calculated.



(b) Performance of the closed-loop control system with FTC unit



The DFOC control structure was tested as well. Two cases were considered, proceeding according to the following scenario: the VM (or CM) was used to estimate rotor flux until time t = 8 s was reached, when the FTC unit switched on the MVM (or MCM) to reduce the estimation error of the rotor flux.



The results obtained for the modified voltage and current models during the tests are presented in Figure 10 and Figure 11, respectively. It can be easily observed that the inaccuracy in the rotor flux calculation was successfully reduced in both cases, which resulted in the stable operation of the drive. Due to the ITSC, an estimation error of the stator current occurred, and therefore a fault factor could be calculated. The amplitude of the stator current did not increase heavily. However, a strong deformation of the stator current waveform occurred, which resulted in quite high ripples of the electromagnetic torque. Nevertheless, the main goal of the proposed system was to enable the stable operation of the drive until the machine reached a safe (controlled) stop.



(c) Fault severity evaluation



In this paper, the switching between CM (VM) and MCM (MVM) was performed manually. It is obvious that in practical implementation, this procedure should be automatic. Figure 12 shows the change of the fault factor modulus due to an ITSC. An increase in its value was noticeable, which could be used as a fault severity indicator. Therefore, a fault severity evaluation procedure in the FTC unit may rely on comparison of the fault factor modulus with a fixed threshold which indicates the stator fault. Furthermore, it was observed that for the non-faulted condition of the motor, the fault factor modulus equaled zero. The fault factor disappeared for these conditions, which resulted in the fact that the equations of the modified flux estimators (24) and (25) look the same as the equations of the standard estimators (16) and (17). Therefore, it can be concluded that the proposed modified flux estimators can be used during non-faulted conditions as well as faulted conditions of the motors. Nevertheless, it is important to point out that in this paper, a parameter mismatch between motor and estimators was not considered. Parameter mismatch may result in stator current estimation error, and consequently, a fault threshold may be exceeded. In practical implementation, to improve the robustness of the proposed FTC technique, an additional system for parameter identification should be used as well as an external unit for fault detection and identification. In the literature [10,11,13,14,15], a variety of techniques for incipient ITSC detection have been described.




7. Experimental Verification


Experimental tests of the proposed FTC unit were carried out using a laboratory setup (Figure 13) which was equipped with a special IM able to induce ITSCs in each phase of the stator windings. The IM was supplied by the VSI (power module) and the control algorithm was implemented using a dSPACE rapid prototyping card DS1103. The IM was coupled with another machine which was operating as a load. During testing, the rotor speed was measured by incremental encoder and two phase currents (isA, isB) were measured by LEM transducers. To calculate the stator voltage vector, the DC voltage (ud) of the inverter was measured as well.



During experimental testing, ITSCs were induced only in phase A, and the fraction of shorted turns was equal to 1.7%, 3.4%, or 5.2%. Only the v/f control structure was tested for constant rotor speed (nref = 0.5nN) and constant load torque (Tl = 0.5TN).



In Figure 14, results for v/f control structure without the FTC unit are presented. It was observed that the behavior of the drive was like the simulation test (Figure 5): estimated rotor flux increased for CM and decreased for VM. Figure 15 shows the performance of the drive with an FTC unit. Activation of the FTC unit resulted in alignment of the values of estimated rotor fluxes by both estimators. During ITSCs, an estimation error of the stator current was observed; therefore, the fault factor can be calculated in real time and injected into the modified rotor flux estimators.



Figure 16 shows the change of the fault factor modulus due to ITSCs during experiments. An increase in its value is visible. However, due to the parameter mismatch and measurement noise, the stator current estimation error occurred during non-faulted conditions as well.



It is important to point out that the rotor flux calculated by the voltage models (MV as well as MVM) was obtained by pure integration of stator voltage equations. This method is difficult to realize in practical implementations due to offset and drift effects of the measured current and voltage, which are inevitable in experiments. Even minor DC offset or drift of the signals accumulates and results in unstable operation of the estimator, because there is no feedback from output to the input of the integrator. To improve performance of this estimator, several methods can be used. One common technique is based on replacing the pure integrator with a low-pass filter [3]. This technique was used in this paper to perform experimental tests. Other methods rely on programmable cascaded low-pass filters [50] or other modified integration algorithms [51]. In estimators based on the current model of the flux, the mentioned issue does not occur.




8. Conclusions


This paper was concerned with fault-tolerant control of the induction motor during internal faults of the induction machines. In particular, an inter-turn short circuit of stator windings was considered. A detailed analysis of the impact of the ITSC on the rotor flux estimation process and performance of the drive has been provided. Based on the analysis, an FTC unit has been proposed to compensate for the negative effects of the ITSC, which have been confirmed by simulation and experimental results.



It is important to point out that the drive operated with quite a high value of the fault fraction. However, there is some doubt with regards to the considered assumption because ITSCs are a fault which spreads quickly, which may be dangerous to the machine. Nevertheless, the main goal of the FTC systems is to enable the stable operation of the drive until a point is reached when the machine can be safely stopped. This is a crucial issue in safety-critical applications where an abrupt shutdown of the drive is unacceptable.



The main advantages of the proposed FTC unit are relatively simple implementation; the algorithm is based on measurable signals and no adaptation mechanism is required. Potential problems are related to a parameter mismatch, but these can be solved using existing parameter estimation algorithms, which will be a contribution of further work. This paper clearly shows that the application of classical simulators in electrical drives (in open or closed loop) can lead to their loss of stability under stator winding faults. A full model of the induction machine should be taken into account in the equations of estimators.
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Table A1. IM data.
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	Symbol
	Rated Data
	Value
	Unit





	PN
	Power
	1.5
	kW



	UN
	Stator voltage
	220/380
	V



	IN
	Stator current
	5.0/2.9
	A



	nN
	Mechanical speed
	1400
	rpm



	TN
	Torque
	7.5
	Nm



	Rs
	Stator resistance
	5.9
	Ω



	Rr
	Rotor resistance
	4.6
	Ω



	Ls
	Stator inductance
	417.3
	mH



	Lr
	Rotor inductance
	417.3
	mH



	Lm
	Magnetizing inductance
	392.5
	mH



	pb
	Pole pairs
	2
	-



	Ns
	Turns per phase
	292
	-
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Figure 1. Schematic diagram of induction motor (IM) stator windings with short circuits in phase A. 
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Figure 2. Schematic diagram of v/f control structure (open control loop). 
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Figure 3. Direct field-oriented control structure. 
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Figure 4. Trajectory of the fault fraction during tests. 
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Figure 5. Operation of open-loop control scheme (v/f) during inter-turn short circuit (ITSC): (a) rotor speed, (b) estimated and real rotor flux, (c) stator current in phase A; (simulation results), (nref = nN, Tl = TN). 
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Figure 6. Operation of closed-loop control scheme (DFOC) during ITSC with the VM in the control structure: (a) reference and real rotor speed, (b) estimated and real rotor flux, (c) electromagnetic torque, (d) stator current in phase A; (simulation results), (nref = nN, Tl = TN). 
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Figure 7. Operation of closed-loop control scheme (DFOC) during ITSC with the CM in the control structure: (a) reference and real rotor speed, (b) estimated and real rotor flux, (c) electromagnetic torque, (d) stator current in phase A; (simulation results), (nref = nN, Tl = TN). 
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Figure 8. Schematic diagram of proposed new fault-tolerant control (FTC) system. 
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Figure 9. Operation of open-loop control scheme (v/f) during ITSC with FTC unit: (a) rotor speed, (b) estimated and real rotor flux, (c) electromagnetic torque, (d) estimated and real stator current in phase A; (simulation results), (nref = nN, Tl = TN). 
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Figure 10. Operation of closed-loop control scheme (DFOC) during ITSC with the modified voltage model (MVM) in the control structure: (a) reference and real rotor speed, (b) estimated and real rotor flux, (c) electromagnetic torque, (d) estimated and real stator current in phase A; (simulation results), (nref = nN, Tl = TN). 
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Figure 11. Operation of closed-loop control scheme (DFOC) during ITSC with the modified current model (MCM) in the control structure: (a) reference and real rotor speed, (b) estimated and real rotor flux, (c) electromagnetic torque, (d) estimated and real stator current in phase A; (simulation results), (nref = nN, Tl = TN). 
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Figure 12. Modulus of the fault factor during ITSC: (a) v/f control structure (with the MVM and MCM), (b) DFOC control structure with the MVM, (c) DFOC control structure with the MCM. 
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Figure 13. Schematic diagram of experimental setup. 
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Figure 14. Operation of open-loop control scheme (v/f) during ITSC: (a) measured rotor speed, (b) estimated rotor flux, (c) measured stator current in phase A; (experimental results), (nref = 0.5nN, Tl = 0.5TN). 
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Figure 15. Operation of open-loop control scheme (v/f) during ITSC with FTC unit: (a) measured rotor speed, (b) estimated rotor flux, (c) estimated and measured stator current in phase A; (experimental results), (nref = 0.5nN, Tl = 0.5TN). 
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Figure 16. Modulus of the fault factor during ITSC (experimental results). 
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