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Abstract

:

The fault tolerance proprieties of multiphase induction machines make them candidate technologies for future electrified transport systems. Indeed, the use of multiphase drives is primarily recommended for their redundancy, which allows them to handle increasing power demands as well as provide fault-tolerant operation. One of the most common failures in polyphase induction machines is open-phase fault (OPF). Under this degraded mode, machine performance deteriorates with increased torque ripples and copper losses. This work investigates the fault-tolerant operation of dual star induction machines (DSIM) with two connected neutral points in which a new post-fault operation technique is introduced to manage the OPFs. The machine was modeled on the natural reference frame, and no transformations were used. The phase opening is caused by inserting a high-value resistor in series with the faulty phase, which cancels the current flowing in the latter. A post-fault reconfiguration strategy that reorganizes the power converter in order to cancel torque ripples by exploiting the principle of multi-biphase modeling of the DSIM is proposed. The performance of the proposed reconfiguration strategy was verified through detailed simulation results.
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1. Introduction


The electrification of traction and propulsion actuators is made possible thanks to technological advances in the field of semiconductors and power electronics topologies; this has allowed these machines to be used at variable speeds. After the study of the three-phase machine, scientific research has focused on machines with a phase number greater than three, such as polyphase machines and/or multi-star machines. The quality of energy delivered by these machines and their tolerance to defects make them more interesting than their three-phase counterparts in applications of comfort, discretion, and mandatory use [1,2,3,4]. Fault tolerance of the multiphase machine was first undertaken in [5] and in recent research to ensure degraded operation without additional external equipment after one or more failures (as long as the number of healthy phases remains greater than or equal to three) and to improve the reliability of the system at the expense of a reduction in power provided after default. DSIM is one of the most used multiphase machines because of its ability to reuse conventional three-phase converters [3,4]. Several control strategies have been studied when a fault appears at the power converter or machine level, including the control [4,5,6]. For continuity of service in the case of an OPF, a reconfiguration of the command is mandatory to obtain acceptable performance [7,8,9,10,11,12,13], various measures are necessary (estimation of new reference values for x-y currents [7,8] and reconfiguration of x-y controllers [9,10]), and different control objectives are chosen (minimization of power losses [11,12] and variable current injection [13]). In this paper, a reconfiguration of the fed phases of a DSIM was undertaken during an OPF. This study was based on modeling in the natural reference frame, which avoids calculating the new passage matrix (park) during the fault. Further, this reconfiguration does not require any additional hardware or working hypotheses. This new strategy is a major advantage in the high-power sector, where maintenance can take a considerable amount of time. All cases of stator phase opening will be studied in this paper, i.e., the opening of a single phase, two adjacent phases, and two non-adjacent phases.




2. Asymmetrical Dual Star Induction Motor Modeling


The analyzed multiphase drive is shown in Figure 1. It is composed of a dual three-phase voltage source inverter controlled using PWM techniques (PWM-VSI) and a dual star induction machine, with two independent three-phase windings shifted at an electrical angle of    π 6  rad  .



The modeling approach introduces high resistance in series with the faulty phase, which cancels the current and allows for the simulation of faults. Note that, in order to simplify the modeling, the usual assumptions are made (the machine is not saturated, the non-load back electromotive force waveform is sinusoidal, the rotor is non-salient, the winding space harmonics are negligible, and hysteresis and eddy current effects are negligible). Considering the distribution of the phases, the general expression of the stator voltages is:


           v  s 1              v  s 2              v r          =          R  s 1              R  s 2              R r                   i  s 1              i  s 2              i r          +  d  d t            ψ  s 1              ψ  s 2              ψ r           



(1)







By introducing magnetic flux, the equation becomes:


               v  s 1     =    R  s 1        i  s 1     +  d  d t        L  1 , 1        i  s 1     +    L  1 , 2        i  s 2     +    L  1 , r        i r               v  s 2     =    R  s 2        i  s 2     +  d  d t        L  2 , 2        i  s 2     +    L  2 , 1        i  s 1     +    L  2 , r        i r               v r    =    R r       i r    +  d  d t        L r       i r    +    L  r , 1        i  s 1     +    L  r , 2        i  s 2                  



(2)




being the different inductance matrixes:


     L  1 , 1     =    L  2 , 2     =        L s       L m  cos     2 π  3         L m  cos     4 π  3           L m  cos     4 π  3         L s       L m  cos     2 π  3           L m  cos     2 π  3         L m  cos     4 π  3         L s         



(3)






     L r    =        L r       L m  cos     2 π  3         L m  cos     4 π  3           L m  cos     4 π  3         L r       L m  cos     2 π  3           L m  cos     2 π  3         L m  cos     4 π  3         L r         



(4)






     L  1 , 2     =      L  2 , 1      t  =  L m        cos  α      cos   α +   2 π  3        cos   α +   4 π  3          cos   α −   2 π  3        cos  α      cos   α +   2 π  3          cos   α −   4 π  3        cos   α −   2 π  3        cos  α         



(5)






     L  1 , r     =      L  r , 1      t  =  L m        cos    θ r        cos    θ r  +   2 π  3        cos    θ r  +   4 π  3          cos    θ r  −   2 π  3        cos    θ r        cos    θ r  +   2 π  3          cos    θ r  −   4 π  3        cos    θ r  −   2 π  3        cos    θ r           



(6)






     L  2 , r     =      L  r , 2      t  =  L m        cos    θ r  − α       cos    θ r  − α +   2 π  3        cos    θ r  − α +   4 π  3          cos    θ r  − α −   2 π  3        cos    θ r  − α       cos    θ r  − α +   2 π  3          cos    θ r  − α −   4 π  3        cos    θ r  − α −   2 π  3        cos    θ r  − α          



(7)






       d  d t      i  s 1     =      L  1 , 1       − 1   (    v  s 1     −    R  s 1        i  s 1     −    L  1 , 2      d  d t        i  s 2       −    L  1 , r      d  d t        i r            − ω r  d  d  θ r         L  1 , r          i r    )         d  d t      i  s 2     =      L  2 , 2       − 1   (    v  s 2     −    R  s 2        i  s 2     −    L  21      d  d t        i  s 1       −    L  2 , r      d  d t        i r            − ω r  d  d  θ r         L  2 , r          i r    )        d  d t      i r    =      L r      − 1   ( −    R r       i r    −    L  r 1      d  d t        i  s 1       −    L  r , 2      d  d t        i  s 2             − ω r  d  d  θ r         L  r , 1          i  s 1     − ω r  d  d  θ r         L  r , 2          i  s 2     )      



(8)







The electromagnetic torque and mechanic expression complete the system:


   Γ  e m   = p        i  s 1      t   d  d  θ r       L  1 , r        i r    +      i  s 2      t   d  d  θ r       L  2 , r        i r       



(9)






   Γ  e m   –  Γ r  = J   d Ω r   d t   +  f r   Ω r   



(10)




where:   Ω r =   ω r  p    is the rotating speed, and    Γ r    is the load torque.



This model presents DSIM considering two three-phase stars, as shown in Figure 2a. Figure 2b shows the DSIM considering three independent two-phase submachines, each one with orthogonal winding.



The multi-biphase modeling of the multiphase machine requires the coordinate change detailed in (11), which results in (12) from (1).


         γ  a 1   =  γ  a s 2            γ  b 1   =  γ  b s 1           ,          γ  a 2   =  γ  b s 2            γ  b 2   =  γ  c s 1           ,          γ  a 3   =  γ  c s 2            γ  b 3   =  γ  a s 1          



(11)




where:   γ   defines the different DSIM variables


           v  s 1              v  s 2              v  s 3              v r          =          R  s 1              R  s 2              R  s 3              R r                   i  s 1              i  s 2              i  s 3              i r          +  d  d t            ψ  s 1              ψ  s 2              ψ  s 3              ψ r           



(12)







The equations of the magnetic flux, with applying variable changing, are given by:


               ψ  a 1          ψ  b 1                      ψ  a 2          ψ  b 2                      ψ  a 3          ψ  b 3                      ψ  r 1          ψ  r 2          ψ  r 3               =            L 1      2 × 2            m  1 , 2       2 × 2            m  1 , 3       2 × 2            m  1 , r       2 × 3              m  2 , 1       2 × 2            L 2      2 × 2            m  2 , 3       2 × 2            m  2 , r       2 × 3              m  3 , 1       2 × 2            m  3 , 2       2 × 2            L 3      2 × 2            m  3 , r       2 × 3              m  1 , r       3 × 2  t           m  2 , r       3 × 2  t           m  3 , r       3 × 2  t           L r      3 × 3                      i  a 1          i  b 1                      i  a 2          i  b 2                      i  a 3          i  b 3                      i  r 1          i  r 2          i  r 3                



(13)




where the inductance matrices can be obtained from Equations (3)–(5) as:


       L 1      2 × 2   =      L 2      2 × 2   =      L 3      2 × 2   =        l s     0     0     l s         



(14)






       m  1 , 2       2 × 2   =      m  2 , 3       2 × 2   =      m  3 , 1       2 × 2   =        l m  cos     2 π  3         l m  cos     5 π  6           l m  cos    π 6         l m  cos     2 π  3           



(15)






       m  1 , 3       2 × 2   =      m  2 , 1       2 × 2   =      m  3 , 2       2 × 2   =        l m  cos   −   2 π  3         l m  cos    π 6           l m  cos     5 π  6         l m  cos   −   2 π  3           



(16)







The stator model of the DSIM in the multi-biphase coordinate system is given from (12) and (13) by:


               v  a 1          v  b 1                      v  a 2          v  b 2                      v  a 3          v  b 3               =    R s                 i  a 1          i  b 1                      i  a 2          i  b 2                      i  a 3          i  b 3               +  d  d t              L 1      2 × 2            m  1 , 2       2 × 2            m  1 , 3       2 × 2              m  2 , 1       2 × 2            L 2      2 × 2            m  2 , 3       2 × 2              m  3 , 1       2 × 2            m  3 , 2       2 × 2            L 3      2 × 2                      i  a 1          i  b 1                      i  a 2          i  b 2                      i  a 3          i  b 3                



(17)







The advantage of using this biphase model in the natural base is the analysis of the behavior of the machine during an OPF. The OPF is obtained by inserting a high-value resistor in series with said phase. During the fault, it is sufficient to disconnect the phase perpendicular to the fault (reconfiguration). As a result, the torque ripples are reduced with acceptable continuation of the service, which makes it possible to protect the rest of the traction chain. This reconfiguration cannot be performed without reconfiguring the voltage inverter.




3. Reconfiguration Strategy for Service Continuation


Several types of faults can appear in an electric drive (Figure 3), including faults in the stator windings, in the drive chain, or in the power supply. Many components in the electrical drive interact with each other so that a fault in one element can cause the total shutdown of the system. In this study, for a DSIM when OPFs appear, the system becomes unbalanced and a high torque ripple appears, which can destruct and affect the continuity of service of the system.



Interestingly, fault-tolerant OPF strategies are usually based on developing mathematical formulas that model the machine, evaluating new inductance and decoupling matrices. This is achieved using new pre-fault [14,15] or low-order [16,17] transformation matrices and adding equations that model the system uniformly. However, these approaches can skew the results obtained, as they introduce estimation error tolerance in the added formula. From an analytical point of view, it is sometimes convenient to use the model on a natural basis without adding non-real components [18]. Recent research can be divided into two general categories: hardware solutions and software solutions. Hardware solutions are based on neutral point configurations (see [19]) or stator winding connections (see [20,21]). However, the hardware solution always applies to a single OPF and does not provide optimal control of the current, resulting in high losses for electromechanical drives. In contrast, software solutions use specific current control algorithms, such as in [22,23], where fault-tolerant control minimizes torque ripple in one or two open phases and after a fault in the remaining good phases. Then, the most interesting fault-tolerant applications are those that do not need to use complex control algorithms or additional equipment to manage the post-fault operation [24].



The proposed fault-tolerant strategy analyzes three different OPF scenarios, exploiting the multi-biphase modeling of the DSIM to minimize torque ripple and copper losses. Note that the power converter is reconfigured to remove the submachine that corresponds to the OPF. These scenarios are described in what follows.



The first reconfiguration fault scenario (RFS) appears with a single OPF and is based on the cancellation of the stator current in a single submachine. Assuming that the fault appears in the    a  s 1     phase, then the stator current is forced to be zero in phase    c  s 2    , opening the power switches of the corresponding phase. Note that the    a  s 1     and    c  s 2     phases are connected to the neutral point N. The obtained stator voltages are given by Equations (18) and (19):


         v  a s 1   =    E  d c    3      1 −  S b  −  S c             v  b s 1   =    E  d c    3      − 0.5 + 2    S b  −  S c             v  c s 1   =    E  d c    3      − 0.5 −  S b  + 2    S c             



(18)






         v  a s 2   =    E  d c    3      2    S d  −  S e  − 0.5            v  b s 2   =    E  d c    3      −  S d  + 2    S e  − 0.5          v  c s 2   =    E  d c    3      −  S d  −  S e  + 1              



(19)







A second RFS happens when two OPFs appear and the stator current of two independent submachines is cancelled. In our case, it will be assumed that this scenario happens when as1 and as2 are opened, and the stator current corresponding to phases cs2 and bs1 are forced to be zero, opening the power switches of the corresponding phases. Then, the multiphase drive operates with a unique submachine, and the obtained stator voltages are given by Equations (20) and (21):


         v  a s 1   =    E  d c    3      1 − 0.5 −  S c             v  b s 1   =    E  d c    3      − 0.5 + 1 −  S c             v  c s 1   =    E  d c    3      − 0.5 − 0.5 + 2    S c               



(20)






         v  a s 2   =    E  d c    3      1 −  S e  − 0.5            v  b s 2   =    E  d c    3      − 0.5 + 2    S e  − 0.5          v  c s 2   =    E  d c    3      − 0.5 −  S e  + 1            



(21)







Finally, a third RFS is considered when two (or three) phases in the same stator winding are opened, cancelling the currents of one independent winding. The main consequence in this scenario is that the DSIM operates like a conventional three-phase induction machine, and the obtained stator voltages in the faulty stator winding are    v  a s 1      =     v  b s 1      =     v  c s 1      = 0.




4. Results Analysis and Discussion of the Proposed OPF Reconfiguration Strategy


To show the validity of the proposed theory, some simulations were performed for three considered configurations (D1, D2, and D3), under the same conditions, using MATLAB/Simulink.



	
D1: Opening of a stator phase;



	
D2: Opening of two adjacent stator phases (different star);



	
D3: Opening of two non-adjacent stator phases (same star).






The   4.5   kW   DSIM is powered by two voltage source inverters. After the machine is started under normal operating conditions, a nominal load with a torque    Γ r  = 15   N . m   is applied. At   t = 2.3   s  , a stator phase open fault is caused after this time, and depending on the phase and the number of open phases, a reconfiguration is performed at   t = 2.9   s  ; a discharge of the DSIM must be performed at the same time as the reconfiguration to avoid overheating of the latter. After the simulation, the following results were obtained.



Results Analysis and Discussion


Figure 4 shows the electromagnetic torque before the fault, during the fault, and after the reconfiguration. This clearly shows that the exaggerated torque ripples generated, which exceeded 30% of the nominal torque, by the introduction of defects have been minimized and brought down to approximately 10% of the nominal torque, thanks to the pertinence of the reconfiguration strategies developed. The minimization of electromagnetic torque ripples directly induces an improvement in the quality of the mechanical power (see Figure 5). In Figure 6, the mechanical speed gives an image of the behavior of the DSIM; during D2, a stall of the machine is looming, which is eliminated directly after the machine discharges. Figure 7, Figure 8 and Figure 9 show the evolution of the machine stator currents from the starting at t = 0 s, to the application of the nominal load torque at t = 1.4 s, to the introduction of the fault at t = 2.3 s, and ends with the reconfiguration of the machine at t = 2.9 s. For the three faults studied, the reconfiguration allows for a reduction in the ripples of the currents; however, the amplitudes of the currents for the faults D2 and D3 remain exaggerated, which obliges us to discharge the machine more.





5. Conclusions


The open-phase fault is a very complex phenomenon that commonly appears in AC machines, and its tolerance is a hard challenge. However, in this paper, a new approach to the fault-tolerant operation of a DSIM under OPF is proposed. The simulation results using MATLAB/Simulink for both the healthy and OFP of DSIM have been presented to justify the validity of the proposed approach. Under OFP, three solutions during post-fault operation are possible, as presented by the reconfiguration strategy. The first RFS was applied when only D1, the second was applied when D2, and the third was applied when D3. Under OPF, the healthy currents become unbalanced and produce high torque ripple magnitude and significant copper losses that affect the lifetime of a drive train. However, by unloading the DSIM to 1/3 of its rated power for the three faults considered, high post-fault currents persist for faults D2 and D3, and in order to avoid winding loss, it is necessary to unload the machine, 2/3 for D2 and 1/2 for D3. The parameter of the double star induction machine are given in Appendix A.
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Appendix A



       R s  = 3.72    Ω  ,      R   r  = 2.12 Ω ,      L   m  = 0.2448    H  ,    J  = 0.0625     N . m   Kg   ,      l   s  = 0.022 H ,        l r  = 0.006    H  ,    f  = 0.001    N  .  m  rd   ,    p  = 1 .      
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Figure 1. Scheme of the DSIM drive. 






Figure 1. Scheme of the DSIM drive.
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Figure 2. Model of the DSIM: (a) two three-phase windings and (b) multi-biphase grouping. 
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Figure 3. Different types of faults that appear in a multi-phase drive system. 
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Figure 4. Electromagnetic torque before and after RFS. 
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Figure 5. Mechanical power before and after RFS. 
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Figure 6. Electrical speed before and after RFS. 
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Figure 7. Stator current before and after RFS for D1. 
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Figure 8. Stator current before and after RFS for D2. 






Figure 8. Stator current before and after RFS for D2.



[image: Energies 16 05740 g008]







[image: Energies 16 05740 g009 550] 





Figure 9. Stator current before and after RFS for D3. 
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