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Abstract

:

Aiming at the open circuit fault of a dual three-phase permanent magnet synchronous motor, a normalized current method is used for open circuit fault diagnosis. Then, a fault-tolerant control strategy for reducing the harmonic distortion of a dual three-phase permanent magnet synchronous motor is proposed, which is based on current model prediction control and keeps the decoupling transformation matrix unchanged. The fault-tolerant control method based on current model prediction considers the influence of the control quantity on the future state of the system, and effectively reduces the total harmonic distortion. Two fault-tolerant control strategies for the motor are analyzed, with minimizing stator copper consumption and maximizing torque output as control objectives. Through simulation and experiment of fault-tolerant control strategies for a dual three-phase permanent magnet synchronous motor, the results verify the effectiveness and feasibility of the strategy.
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1. Introduction


In recent years, due to the strong reliability, high control freedom and excellent fault tolerance of polyphase motors, they have good application prospects in the case of high power drive [1,2,3,4]. The dual three-phase permanent magnet synchronous motor (DTP-PMSM) adopts an asymmetric six phase motor, which is composed of two sets of Y-connected symmetrical three-phase windings with phase shifts of a 30° electrical angle. The neutral points of the two sets of windings can be divided into a single neutral point and a neutral point isolation connection mode. Neutral point isolation is more commonly used in DTP-PMSM, as the neutral point isolation connection mode can effectively inhibit the zero-sequence current [5,6,7].



When a phase open circuit fault occurs, the most simple and intuitive method is to cut off the fault set of the three-phase windings, and turn it into an ordinary three-phase motor. However, it cannot take full advantage of the redundancy of the multiphase motor, which results in wasting of resources. Therefore, a good fault-tolerant control strategy is the key to give full play to the superior fault-tolerant performance of the polyphase motor.



In [8], the neutral point of the three-phase PMSM was connected to the midpoint of two split capacitors by means of a triode for an alternating current to keep the continual operation when open-phase faults occur. A fault-tolerant control method is proposed with the constraints of output smooth torque and reduction of harmonic effect of magnetomotive force in [9]. However, the stator copper loss is not considered, and it is generally realized by current hysteresis control. The current hysteresis method is applied to reallocate the current amplitude and phase outside the fault phase, based on the principle that the magnetomotive force remains unchanged in [10,11,12,13,14,15,16]. However, this method requires off-line calculation. It has high dependence on motor parameters, and is not suitable for high-power applications. In [17,18,19,20,21,22,23,24,25], the reduced order mathematical model of an open phase motor has been established. Due to the strong coupling in the rotating coordinate system, feed-forward control is added to compensate after decoupling. However, the transformation matrix of the mathematical model of an open phase motor is different with different fault phases. In [26], fault-tolerant control of torque mode was proposed in order to consider over-current protection as well as torque capacity. In [27,28], the third harmonic current injection method was used to reduce the torque ripple caused by phase short circuit faults, so the motor can still operate stably in fault. However, this method could produce a harmonic torque problem. A fault-tolerant control strategy of open phase based on normal decoupling transformation matrix was proposed in [29,30,31], in which a harmonic space current and a zero sequence space current are constructed from a static coordinate current to realize fault-tolerant control. However, in the field-oriented control, it needs to convert the variables to the stationary coordinate system. In [32], it was proposed to add an additional current component to each phase to derive a new current set. In [33], an improved rotating coordinate transformation was proposed to realize vector control of PMSM. However, the above control methods generally use the current hysteresis control, which does not fix the problems of switching frequencies and current harmonics.



In this paper, a fault-tolerant control strategy based on current model prediction control (MPC) is proposed. Differently from the widely existing fault-tolerant control based on a current hysteresis loop or establishing a motor model after a fault, it does not change the motor model, and only changes the harmonic plane and zero sequence plane current from a dq current based on current model prediction, so as to make the motor run stably and effectively reduce the total harmonic distortion (THD) in case of fault. The major contribution is in using the fault-tolerant control method with current model prediction, considering the influence of the control quantity on the future state of the system, which effectively reduces the total harmonic distortion (THD). Two fault-tolerant control strategies for DTP-PMSM are analyzed with minimizing stator copper consumption (MCC) and maximizing torque output (MTO) as control objectives. Through simulation and experiments of fault-tolerant control strategies for DTP-PMSM, the results verify the effectiveness and feasibility of the strategy.




2. Mathematical Model of DTP-PMSM


The DTP-PMSM is composed of two sets of Y-connected three-phase windings with a phase shift of 30°. The winding structure of the motor is shown in Figure 1. The drive system can be divided into single neutral point and neutral point isolation, as shown in Figure 2. A-B-C and D-E-F represent two sets of three-phase windings of DTP-PMSM respectively. The neutral isolation mode is more often used, as it can effectively suppress the zero sequence current.



According to the spatial decoupling modeling method, the variables of DTP-PMSM are mapped to the α-β subspace, the z1-z2 subspace and the o1-o2 zero-sequence subspace. The static transformation can be written as:


    [ α   β ]  T  =  [    1   −  1 2    −  1 2       3   2    −    3   2    0     0      3   2    −    3   2     1 2     1 2    − 1    ]  ⋅   [ A   B   C   D   E   F ]  T     



(1)







The relation of each orthogonal vector is:


   {     z 1  ⋅  β T  =  z 1  ⋅  α T  = 0      z 2  ⋅  z 1    T  =  z 2  ⋅  β T  =  z 2  ⋅  α T  = 0      o 1  ⋅  z 2    T  =  o 1  ⋅  z 1    T  =  o 1  ⋅  β T  =  o 1  ⋅  α T  = 0      o 2  ⋅  o 1    T  =  o 2  ⋅  z 2    T  =  o 2  ⋅  z 1    T  =  o 2  ⋅  β T  =  o 2  ⋅  α T  = 0      



(2)




where α-β is the stationary coordinate subspace; z1-z2 is the harmonic subspace; o1-o2 is the zero-sequence subspace.



Therefore, the unit orthogonal matrix is obtained by transforming the variables of the dual three-phase motor to the static coordinate system. It can be written as:


   T  c l a r k   =  1 3   [    1   −  1 2    −  1 2       3   2    −    3   2    0     0      3   2    −    3   2     1 2     1 2    − 1     1   −  1 2    −  1 2    −    3   2       3   2    0     0   −    3   2       3   2     1 2     1 2    − 1     1   1   1   0   0   0     0   0   0   1   1   1    ]   



(3)







It is necessary to transform α-β components to a synchronous rotation d-q coordinate system. Since the currents in the z1-z2 sub-plane and o1-o2 sub-plane do not participate in energy conversion, only the α-β sub-plane involved in electromechanical energy conversion needs to be analyzed. Thus, only the α-β sub-plane components are transformed to a rotation reference frame. The rotating transformation matrix is:


   T  p a r k   =  [    cos θ   sin θ   0     − sin θ   cos θ   0     0   0    I 4     ]   



(4)




where I4 is a four-dimensional unit matrix, and 0 is a zero matrix. The final transformation matrix is:


   T  6 r   =  T  p a r k   ⋅  T  c l a r k    



(5)







The decoupling voltage equation of the DTP-PMSM in the synchronous rotation coordinate system can be obtained according to (1) and (2). It can be written as:


   {     u d  =  R s   i d  +  L d   d  d t    i d  −  ω e   L q   i q       u q  =  R s   i q  +  L q   d  d t    i q  + (  ω e   L d   i d  +  ψ f  )      u  z 1   =  R s   i  z 1   +  L l   d  d t    i  z 1        u  z 2   =  R s   i  z 2   +  L l   d  d t    i  z 2        



(6)







The torque equation is:


   T e  = 3  p n  [ (  L d  −  L q  )  i d   i q  +  i q   ψ f  ]  



(7)







The motion equation is:


   T e  −  T L  − B  ω m  = J   d  ω m    d t    



(8)




where ud, uq are voltages in the synchronous rotation coordinate subspace; uz1, uz2 are voltages in the harmonic subspace; Rs is the stator resistance; Ld, Lq are the d-q axis main inductance; Ll is leakage inductance; Ψf is the flux amplitude generated by the permanent magnet in the winding; ωe is the rotor electric angular velocity; pn is the number of motor poles; ωm is the mechanical angular velocity; J is the moment of inertia; B is the damping coefficient; TL is the load torque.




3. Open Circuit Fault Diagnosis Based on Normalized Current


The DTP-PMSM has excellent fault-tolerant performance. When the fault occurs, the fault-tolerant control should be carried out to ensure the stable operation of the system. If the fault-tolerant control is not carried out, the fault will worsen and even damage the motor. Thus, it is necessary to diagnose the motor fault in time and start the fault-tolerant control strategy.



A normalized current is used to diagnose the open-circuit faults of DTP-PMSM. Without considering harmonics, the stator current of each phase can be expressed as:


   {     i A  =  I m  cos θ      i B  =  I m  cos ( θ −  120 °  )      i C  =  I m  cos ( θ +  120 °  )      i D  =  I m  cos ( θ −  30 °  )      i E  =  I m  cos ( θ −  150 °  )      i F  =  I m  cos ( θ +  90 °  )      



(9)







The static coordinate current is obtained by the six-phase current through (3).


   {     i α  =  I m  cos θ      i β  =  I m  sin θ      



(10)







The calculated current vector modulus is as follows:


     |   i s   |   →  =    i α 2  +  i β 2    =  I m   



(11)







As the stator current of the motor changes with the operating conditions, the normalized calculation is carried out:


   i n *  =    i n   /     |   i s   |   →     



(12)







The normalized stator current of each phase is obtained as follows:


   {     i A *  =    i A   /     |   i s   |   →    = cos θ      i B *  =    i B   /     |   i s   |   →    = cos ( θ −  120 °  )      i C *  =    i C   /     |   i s   |   →    = cos ( θ +  120 °  )      i D *  =    i D   /     |   i s   |   →    = cos ( θ −  30 °  )      i E *  =    i E   /     |   i s   |   →    = cos ( θ −  150 °  )      i F *  =    i F   /     |   i s   |   →    = cos ( θ +  90 °  )      



(13)







The absolute value of the normalized current is averaged, and the expression is as follows:


  f =    ω e   π     ∫ 0   π   ω e        |   i n *   |     d t =  2 π  , n = A , B , C , D , E , F  



(14)




where ωe is the electric angular velocity.



By comparing the calculated value of f with the periodic average value of the absolute value of the actual detected current, the fault characteristic quantity F is obtained, which is expressed as:


  F = f − M e a n (  |   i n *   |  )  



(15)







When the motor is working normally, the fault characteristic quantity F is approximately 0. If an open circuit fault occurs, the corresponding fault characteristic quantity is f. Thus, it can be determined which phase has an open circuit fault. Then, the corresponding fault-tolerant control starts to ensure the stable operation of the motor.




4. Fault-Tolerant Control Strategy for DTP-PMSM


Model predictive control (MPC) is a control algorithm based on the controlled system model, which can predict the future state of the system and obtain the optimal control of the system by rolling optimization. In order to obtain the dynamic target of finite time domain optimization, the d–q axis current is predicted and optimized as follows:


   {     i d    ′  = ( 1 −   R  T s     L d    )  i d  +    ω e   L q   T s     L d     i q  +    T s     L d     u d       i q    ′  = ( 1 −   R  T s     L q    )  i q  −    ω e   T s     L d    (  ψ f  +  L d   i d  ) +    T s     L q     u q       



(16)




where Ts is the sampling time.



The predictive control strategy aims to minimize the value function. The value function is:


  A =   (  i d    ′  −  i d *  )  2  +   (  i q    ′  −  i q *  )  2   



(17)




where id*, iq* are the reference currents of the d-q axis.



The fault-tolerant control strategy of DTP-PMSM under two neutral connection modes is studied in the following.



As shown in Figure 2, the current constraint condition in Structure 1 should satisfy the following relation:


    i A  +  i B  +  i C  = 0   ,  i D  +  i E  +  i F  = 0   



(18)







The current constraint condition in Structure 2 should satisfy the following relation:


   i A  +  i B  +  i C   +   i D  +  i E  +  i F  = 0  



(19)







Assuming the motor is not damaged, and there is an open circuit between the F-phase winding and the inverter, the decoupling transformation matrix remains unchanged as the motor is not affected by physics and only the current will be affected. The dq current, z1-z2 harmonic component current and o1-o2 zero sequence component current are given for vector control. Since the dq component is related to energy conversion, only the z1-z2 and o1-o2 plane components are changed for fault-tolerant control in order to leave the output torque unchanged. According to (3) and (4), it is obtained that:


   i F  =  i d    ′  cos ( θ +  π 2  ) −  i q    ′  sin ( θ +  π 2  ) −  i  z 2   +  i  o 2   = 0  



(20)







It can be seen that F-phase current is independent from iz1 and io1.



4.1. Current Optimization Objective with MCC


When minimizing, the stator copper consumption (MCC) is taken as the current optimization goal, and iz1 is set to zero since it is independent of the F-phase current. In Structure 1, according to (18), then:


   i  o 2   =  i  o 1    = 0   



(21)







Thus, we obtain:


   i  z 2   = −  i d    ′  sin θ −  i q    ′  cos θ  



(22)







Thus, the harmonic and zero sequence subspace current components can be set as:


   {     i  z 1   = 0      i  z 2   = −  i d    ′  sin θ −  i q    ′  cos θ      i   o 1    =  i  o 2   = 0      



(23)







When the field orientation control method is adopted, then:


   {     i  z 1   = 0      i  z 2   = −  i q    ′  cos θ      i   o 1    =  i  o 2   = 0      



(24)







Therefore, if iz1 is set as zero in the closed loop control, and the zero sequence subspace is set as zero, the control goal can be achieved.



In Structure 2, the dual three-phase motor has a single neutral point. According to (19), then:


   i  o 1   +  i  o 2    = 0   



(25)







Set the current components of harmonic plane to be:


   i  z 2   =  i d    ′  (  k 1  cos θ +  k 2  sin θ ) +  i q    ′  (  k 3  cos θ +  k 4  sin θ )  



(26)







According to (20) and (25), the zero sequence current can be derived. Since iz1 is independent of the F-phase current, it is still given as zero when taking MCC as the goal. In the case of the minimum value of iz12 + iz22 + io12 + io22, then:


   k 1  = 0 ,  k 2  = −  2 3  ,  k 3  = −  2 3  ,  k 4  = 0  











When taking MCC as the goal in Structure 2, the harmonic and zero sequence current components are given as follows:


   {     i  z 1    = 0       i  z 2   = −  2 3   i d    ′  sin θ −  2 3   i q    ′  cos θ      i   o 1    = −  1 3   i d    ′  sin θ −  1 3   i q    ′  cos θ      i   o 2    =  1 3   i d    ′  sin θ +  1 3   i q    ′  cos θ      



(27)







When the field orientation control method is adopted, id′ = 0.




4.2. Current Optimization Objective with MTO


When the maximum torque output (MTO) is taken as the control goal, the maximum output current is guaranteed to be minimized. In Structure 1, io1 = io2 = 0. It can be known that iz2 remains unchanged according to (18) and (22). Set:


   i  z 1   =  i d    ′  (  K 1  cos θ +  K 2  sin θ ) +  i q    ′  (  K 3  cos θ +  K 4  sin θ )  



(28)







Then, the harmonic and zero sequence subspace current components can be set as:


   {     i  z 1   =  i d    ′  (  K 1  cos θ +  K 2  sin θ ) +  i q    ′  (  K 3  cos θ +  K 4  sin θ )      i  z 2   = −  i d    ′  sin θ −  i q    ′  cos θ      i   o 1    =  i  o 2   = 0      



(29)







According to (3) and (29), each phase current can be expressed by id and iq through the space transformation matrix.



The control objective is to minimize the maximum current amplitude of each phase. Therefore, it is calculated in Structure 1 that:


   k 1  = − 1 ,  k 2   = 0  ,  k 3  = 0 ,  k 4  = 1  











Then, the harmonic and zero sequence subspace components are given as:


   {     i  z 1   = −  i d    ′  cos θ +  i q    ′  sin θ      i  z 2   = −  i d    ′  sin θ −  i q    ′  cos θ      i   o 1    =  i  o 2   = 0      



(30)







In field-oriented control, id′ = 0.



In Structure 2, set the harmonic plane current components as:


   {     i  z 1   =  i d    ′  (  k 1  cos θ +  k 2  sin θ ) +  i q    ′  (  k 3  cos θ +  k 4  sin θ )      i  z 2   =  i d    ′  (  k 5  cos θ +  k 6  sin θ ) +  i q    ′  (  k 7  cos θ +  k 8  sin θ )      



(31)







According to (18) and io1 + io2 = 0, the zero sequence plane currents are set as:


   {     i   o 1    =  i d    ′  (  k 5  cos θ  + (   k 6  + 1 ) sin θ ) +  i q    ′   ( (   k 7  + 1 ) cos θ +  k 8  sin θ )      i   o 2     = −   i d    ′  (  k 5  cos θ  + (   k 6  + 1 ) sin θ ) −  i q    ′   ( (   k 7  + 1 ) cos θ +  k 8  sin θ )      



(32)







Minimizing the maximum current amplitude of each phase, it is calculated that:


   {     k 1  = − 0  . 02  ,  k 2  = − 0  . 88 ,     k 3  = − 0  . 75  ,  k 4  = 0  . 3       k 5  = − 0  . 35  ,  k 6  = − 0.59  ,     k 7  =  − 0   . 64  ,  k 8  = 0  . 21       











Therefore, in field-oriented control id′ = 0, the current of the harmonic plane and zero sequence plane should be given as follows:


   {     i  z 1   = 0.81  i q  sin ( θ −  68.57 ∘  )      i  z 2   = 0.674  i q  sin ( θ −  71.94 ∘  )      i   o 1    = 0.415  i q  sin ( θ −  120.21 ∘  )      i   o 2    = 0.415  i q  sin ( θ +  59.79 ∘  )      



(33)







Similarly, the fault-tolerant control current in a two-phase or multi-phase open circuit fault can be calculated. We take a two-phase open circuit as an example, including 30°, 90°, 120° and 150°. For example, in an AB two-phase open circuit, the electric angle of two fault phases is 120°. In Structure 1, when taking MCC as the control objective in the field-oriented control id′ = 0, the harmonic and zero sequence plane currents shall be given as follows according to the derivation process above:


   {     i  z 1   =  i q    ′  sin θ      i  z 2   =  i q    ′  cos θ      i   o 1    =  i   o 2     = 0       



(34)







In Structure 2, taking MCC as the control objective in the field-oriented control id′ = 0, the harmonic and zero sequence plane current components calculated should be given as:


   {     i  z 1   = 0.721  i q    ′  sin ( θ −  13.88 ∘  )      i  z 2   = 0.916  i q    ′  sin ( θ +  100.88 ∘  )      i   o 1    = 0.346  i q    ′  sin ( θ +  29.97 ∘  )      i   o 2    = 0.346  i q    ′  sin ( θ −  150.03 ∘  )      



(35)







When taking MTO as the control objective in field-oriented control, the harmonic and zero sequence plane current components are given as follows:


   {     i  z 1   =  i q    ′  sin θ      i  z 2   =  i q    ′  cos θ      i   o 1    =  i   o 2     = 0       



(36)







We compare the stator copper loss and maximum current of two structures with MCC and MTO with single-phase and two-phase open circuits in field-oriented control, as shown in Table 1.



It can be seen from the table that the postfault stator copper losses in Structure 1 and Structure 2 are different. The stator copper consumption in a fault-tolerant single-phase open circuit will be less than that in a two-phase open circuit. Similarly, copper consumption in a fault-tolerant three-phase and multi-phase open circuit will be greater. When the electric angle of two fault phases is 30°or 150°, both the copper consumption and maximum phase current are very large no matter whether the control objective is MCC or MTO. It can be seen that in Structure 1, when taking MTO as the control target, the copper consumption of the stator is large when taking MTO as the control target. Therefore, we need to take some measures to avoid the above faults as far as possible in the actual operation.





5. Motor Torque Analysis


In this paper, DTP-PMSM with a neutral point isolation connection method is adopted. In the field-oriented control system id′= 0, if the copper loss is minimized, iz1 = iz2 = io1 = io2 = 0. Each phase current is obtained through the inverse matrix of (5):


   {     i A  = −  i q    ′  sin ( ω t )      i B  = −  i q    ′  sin ( ω t −  120 ∘  )      i C  = −  i q    ′  sin ( ω t +  120 ∘  )      i D  = −  i q    ′  sin ( ω t −  30 ∘  )      i E  = −  i q    ′  sin ( ω t −  150 ∘  )      i F  = −  i q    ′  sin ( ω t +  90 ∘  )      



(37)







Comparing (9) and (37), the phase current amplitude is:


   I m  =  i q    ′   



(38)







The electromagnetic torque can be considered as the interaction of the rotating magnetomotive force generated by the winding current. The harmonic magnetic potential is ignored. When the dual three-phase motor is operating normally, the total stator magnetic potential is:


     F  6 s   =  N A   i A  +  N B   i B  +  N C   i C  +  N D   i D  +  N E   i E  +  N F   i f       =  K [  i A  cos α +  i B  cos ( α −  120 ∘  ) +  i C  cos ( α +  120 ∘  )     +  i D  cos ( α −  30 ∘  ) +  i E  cos ( α −  150 ∘  ) +  i F  cos ( α +  90 ∘  ) ]    



(39)







Ni (i = A, B, C, D, E, F) represents the winding function. K is the magnetic potential factor, and α is the electrical angle of the winding space. Substituting (9) and (38) into (39), we obtain:


   F  6 s   = 3 K  i q    ′  sin ( α − ω t )  



(40)







Since Ψf and id are in the same direction, the electromagnetic torque expression is:


   T e  =  F  6 s   ⋅  ψ f  = 3 K  i q    ′   ψ f  sin (   90  ∘  ) = 3 K  i q    ′   ψ f   



(41)







It can be seen that the torque of DTP-PMSM only contains DC in normal operation.



When one phase open circuit occurs, taking the F-phase open circuit as an example, the total magnetic potential of the remaining five-phase windings of the DTP-PMSM is:


     F  5 s   =  N A   i A  +  N B   i B  +  N C   i C  +  N D   i D  +  N E   i E       =  K [  i A  cos α +  i B  cos ( α −  120 ∘  ) +  i C  cos ( α +  120 ∘  ) +  i D  cos ( α −  30 ∘  ) +  i E  cos ( α −  150 ∘  ) ]    



(42)







Substituting (9) and (38), we obtain:


   F  5 s   =  1 2  K  i q    ′  [ 5 sin ( α − ω t ) − sin ( α + ω t ) ]  



(43)







It can be seen that the magnetic potential of DTP-PMSM contains a positive sequence component and a negative sequence component when one phase is open. The torque is:


   T  e 1   =  F  5 s   ⋅  ψ f  =  1 2  K  i q    ′   ψ f  [ 5 − sin ( 2 ω t ) ]  



(44)







It can be seen that the torque with one phase open contains a DC component and a second harmonic component.



When MCC is taken as the fault-tolerant control target, (22) is transformed through the inverse matrix of (5) to obtain each phase current as:


   {     i A    ′  = −  i q    ′  sin ω t      i B    ′  = 1.803  i q    ′  sin ( ω t +  73.9 ∘  )      i C    ′  = 1.803  i q    ′  sin ( ω t −  73.9 ∘  )      i D    ′  = − 0.866  i q    ′  sin ω t      i E    ′  = − 0.866  i q    ′  sin ω t      i F    ′  = 0      



(45)







Therefore, the magnetic potential of DTP-PMSM is:


   F  5 s     ′  =  N A   i A    ′  +  N B   i B    ′  +  N C   i C    ′  +  N D   i D    ′  +  N E   i E    ′  = 3 K  i q    ′  sin ( α − ω t )  



(46)







The electromagnetic torque is:


   T  e 1     ′  =  F  5 s     ′  ⋅  ψ f  =  3 2  N  i q    ′   ψ f  sin (   90  ∘  ) = 3 K  i q    ′   ψ f   



(47)







When MTO is set as the control target, through (28) and the inverse matrix of (5), the current of each phase is obtained as:


   {     i  A 1   = 0      i  B 1   =  3   i q    ′  cos ( ω t )      i  C 1   = −  3   i q    ′  cos ( ω t )      i  D 1   = −  3   i q    ′  sin ( ω t )      i  E 1   =  3   i q    ′  sin ( ω t )      i  F 1   = 0      



(48)







Therefore, the magnetic potential of DTP-PMSM is:


   F  5 s      ′ ′   =  N A   i  A 1   +  N B   i  B 1   +  N C   i  C 1   +  N D   i  D 1   +  N E   i  E 1   = 3 K  i q    ′  sin ( α − ω t )  



(49)







And then the electromagnetic torque is:


   T  e 1      ′ ′   =  F  5 s      ′ ′   ⋅  ψ f  =  3 2  N  i q   ψ f  sin (   90  ∘  ) = 3 K  i q    ′   ψ f   



(50)







From (47) and (50), it can be seen that it effectively suppresses the second harmonic component in the torque with fault-tolerant control.




6. Simulation Analysis and Experimental Results


6.1. Simulation Analysis


The motor parameters are shown in Table 2. The DTP-PMSM neutral is isolated. The control system of DTP-PMSM is shown in Figure 3.



Figure 4a shows the current trajectory curve in α-β subspace. It is approximately circular when the motor operates healthily, which is consistent with (10). In the open circuit fault state, the current trajectory is no longer circular, as shown in Figure 4b.



Figure 5 shows the dq subspace current of a healthy state and an open circuit fault state. It can be seen that the dq current of the motor is no longer stable in the open circuit fault, and the oscillation is severe.



Figure 6 shows the torque waveform of a motor without a fault and with an F-phase open circuit. The motor rated torque is 7.1 Nm. It can be seen that motor torque ripple is obvious with an open circuit fault, which will produce a lot of noise.



Figure 7 shows the speed waveform of the motor in healthy operation and F-phase open circuit operation. It can be seen that motor speed is stable at the given speed when there is no fault. While the speed fluctuates greatly with an open circuit fault, it cannot run smoothly.



Figure 8 shows the speed of the motor in open circuit fault and fault-tolerant operation. It can be seen that motor has large speed oscillation and poor speed regulation performance in open circuit fault, and the speed ripple is as high as 10%. The speed ripple is smaller with the proposed MCC and MTO than that with traditional MCC and MTO. The motor speed ripple is reduced to 2.3% with the control strategy of the proposed MCC based on MPC. The motor speed ripple is reduced to 2.5% with the control strategy of the proposed MTO based on MPC.



Figure 9 shows the speed THD of the motor at different speeds without fault tolerance, traditional MCC and MTO with fault tolerance, and the MCC and MTO with fault tolerance based on MPC proposed in this paper. THD is significantly lower with fault-tolerant control than that without fault-tolerant control. Moreover, compared with the traditional MCC and MTO, the THD weakening effect is better with the proposed MCC and MTO.



Figure 10 shows the torque waveform comparison between open circuit fault operation and fault-tolerant operation. It can be seen that the torque ripple is obvious without fault-tolerant control, which will produce large noise. However, the torque fluctuation is basically stable and small with the two fault-tolerant controls. The THD analysis of torque with fault operation and two fault-tolerant control strategies is shown in Figure 11. The result shows that the THD of the torque weakening effect is better with the proposed MCC and MTO than that with the traditional method. Then, the harmonic analysis of the torque with the proposed fault-tolerant control method is carried out as shown in Figure 12. The result shows that the second harmonic components of the torque in fault operation is very high, and is significantly reduced through the proposed fault-tolerant control. This is consistent with the analysis in Section 5.



Figure 13 shows the current during the healthy operating, F-phase open circuit and fault-tolerant control state. The amplitude and phase of the remaining phase current can be reasonably arranged through fault-tolerant control. It can be seen from the figure that the distortion of the current waveform is small when the proposed MCC and MPC methods are adopted.



Figure 14 compares the dq current in open circuit fault operation and fault-tolerant control operation. It can be seen from the figure that dq current oscillation is obviously unstable in the open circuit fault. When the proposed fault-tolerant control is adopted, the dq current can be effectively stabilized at a given value. It can achieve better vector control and ensure reliable operation of the motor.




6.2. Experiment Results


A DTP-PMSM experimental platform was built to verify the effectiveness of the strategy proposed in this paper. The experimental platform is shown in Figure 15. The main controller adopts DSP chip TMS32028335.



For when the F-phase was open, the measured phase current, speed waveform and fault characteristic value curve are shown in Figure 16. It can be seen that when the fault occurred, the current of the non-fault phase increased and was no longer sinusoidal. The waveform of the speed pulsated obviously. The characteristic value of the fault phase reached 0.64, which is consistent with the theoretical analysis.



The measured current and speed waveforms after putting in the traditional fault-tolerant control strategy are shown in Figure 17. The response of the proposed fault-tolerant control is shown in Figure 18. The results show that the proposed control strategy had a better fault tolerance effect and effectively reduced distortion.





7. Conclusions


In this paper, a high-performance fault-tolerant control strategy with model prediction is proposed to reduce the total harmonic distortion of DTP-PMSM drives. The contributions of the study are concluded as following.



	(a)

	
In the study, an open circuit fault diagnosis method based on a normalized current was applied to diagnose the fault phase in order to carry out the corresponding fault-tolerant control strategy.




	(b)

	
A novel fault-tolerant control strategy based on MPC was proposed for the purpose of reducing the harmonic distortion and improving fault tolerance performance. It adjusts the current setting of z1-z2 and o1-o2 subspace without changing the mathematical model of the motor. The fault-tolerant control strategy is studied by taking the proposed MCC and MTO as the optimization objectives.







The simulation and experimental results show that the proposed fault-tolerant control strategy can effectively improve the fault tolerance performance and reduce harmonic distortion. This ensures the stable operation and good performance of DTP-PMSM when an open circuit fault occurs.
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Figure 1. Winding structure of DTP-PMSM. 
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Figure 2. Neutral line connection mode of DTP-PMSM drive system. (a) Structure 1. (b) Structure 2. 






Figure 2. Neutral line connection mode of DTP-PMSM drive system. (a) Structure 1. (b) Structure 2.



[image: Energies 15 03887 g002]







[image: Energies 15 03887 g003 550] 





Figure 3. Control system of DTP-PMSM. 






Figure 3. Control system of DTP-PMSM.



[image: Energies 15 03887 g003]







[image: Energies 15 03887 g004 550] 





Figure 4. α-β subspace current trajectory. (a) Healthy motor. (b) F-phase open circuit. 
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Figure 5. Motor healthy and F-phase open circuit dq current. 
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Figure 6. Torque of the motor in healthy and open circuit operation. 
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Figure 7. Motor speed in healthy operation and open circuit operation. 
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Figure 8. Speed of motor in fault operation and fault-tolerant control. (a) Fault-tolerant control with traditional MCC and MTO. (b) Fault-tolerant control with proposed MCC and MTO. 
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Figure 9. THD of motor speed. 
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Figure 10. Torque in fault operation and fault-tolerant operation. (a) Fault-tolerant control with traditional MCC and MTO. (b) Fault-tolerant control with proposed MCC and MTO. 
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Figure 11. THD of motor torque. 
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Figure 12. Torque FFT analysis. 
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Figure 13. Motor healthy, fault and fault-tolerant currents. (a) Fault-tolerant control with optimal objective of the traditional MCC. (b) Fault-tolerant control with optimal objective of the proposed MCC. (c) Fault-tolerant control with optimal objective of the traditional MTO. (d) Fault-tolerant control with optimal objective of the proposed MTO. 
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Figure 14. d-q current in fault and the proposed fault-tolerant control operation. 
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Figure 15. DTP-PMSM experimental platform. 
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Figure 16. Motor waveform during F-phase open circuit fault. (a) Current waveform. (b) Speed waveform. (c) Fault characteristic value. 
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Figure 17. Motor waveform with traditional MCC and MTO. (a) Current waveform. (b) Speed waveform. 
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Figure 18. Motor waveform with fault-tolerant control. (a) Current waveform. (b) Speed waveform. 
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Table 1. Fault-tolerant control of DTP-PMSM in single-phase and two-phase open circuits with two current optimization objectives.
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MCC

	
MTO






	
Fault phase

	
Structure 1

	
Structure 2

	
Structure 1

	
Structure 2




	
Loss

	
Imax

	
Loss

	
Imax

	
Loss

	
Imax

	
Loss

	
Imax




	
A

	
   9  i q ′    2   R s    

	
   1.8  i q    ′    

	
   8  i q ′    2   R s    

	
   1  . 85   i q    ′    

	
   12  i q ′    2   R s    

	
   1  . 73   i q    ′    

	
   10  . 4   i q ′    2   R s    

	
   1  . 44   i q    ′    




	
A,D (30°)

	
   48  i q ′    2   R s    

	
   3  . 46   i q    ′    

	
   47  . 9   i q ′    2   R s    

	
   3  . 5   i q    ′    

	
   48  i q ′    2   R s    

	
   3  . 46   i q    ′    

	
   48  i q ′    2   R s    

	
   3  . 46   i q    ′    




	
A,F (90°)

	
   12  i q ′    2   R s    

	
   1  . 73   i q    ′    

	
   10  . 5   i q ′    2   R s    

	
   1  . 9   i q    ′    

	
   12  i q ′    2   R s    

	
   1  . 73   i q    ′    

	
   12  i q ′    2   R s    

	
   1  . 73   i q    ′    




	
A,B (120°)

	
   12  i q ′    2   R s    

	
   2  i q    ′    

	
   10  i q ′    2   R s    

	
   2  . 03   i q    ′    

	
   60  i q ′    2   R s    

	
   6  i q    ′    

	
   16  . 8   i q ′    2   R s    

	
   2  . 27   i q    ′    




	
A,E (150°)

	
   48  i q ′    2   R s    

	
   3  . 46   i q    ′    

	
   11  . 2   i q ′    2   R s    

	
   2  . 07   i q    ′    

	
   48  i q ′    2   R s    

	
   3  . 46   i q    ′    

	
   12  . 9   i q ′    2   R s    

	
   1  . 79   i q    ′    
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Table 2. Parameters of DTP-PMSM.
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	Parameter
	Value





	Rated power
	1.5 kw



	Rated current
	6 A



	Motor stator resistance
	0.72 Ω



	d-axis inductance Ld
	1.65 mH



	q-axis inductance Lq
	1.65 mH



	Flux linkage
	0.13 Wb



	Pole pairs
	3



	Rated speed n
	2000 r/min
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