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Abstract

:

In this study, a permanent magnet brushless direct current machine with multi-phase windings is proposed for critical drive systems. We have named the solution, which has four-stator winding, a quad-channel permanent magnet brushless direct current (QCBLDC) motor. The stator windings are supplied by four independent power converters under quad-channel operation (QCO) mode. After a fault in either one, two, or three channels, further operation of the machine can be continued in triple-channel operation (TCO) mode, dual-channel operation (DCO) mode, or single-channel operation (SCO) mode. In this paper, a novel mathematical model is proposed for a QCBLDC machine. This model takes into account the nonlinearity of a magnetic circuit and all of the couplings between the phases within a given channel, as well as between channels. Based on numerical calculations, the static electromagnetic moment and the coupled fluxes were determined for the individual windings of the variants and work modes being analyzed. A normal work condition can be achieved in the QCO or DCO modes. For the DCO mode, an acceptable case uses a balanced magnetic pull (A and C channels supplied). The DCO A and B type work mode is comparable to the DCO A and C mode with regard to its efficiency in processing electrical energy. The vibroacoustic parameters of this mode, however, are much worse. In fault states, TCO, DCO, and SCO work modes are possible. As the number of active channels decreases, the efficiency of energy processing also decreases. In a critical situation, the motor works in overload mode (SCO mode). Laboratory tests conducted for one of the variants demonstrated that the TCO work mode is characterized by worse vibroacoustic parameters than the DCO A and C mode.
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1. Introduction


Critical drives are characterized by improved reliability and are usually intended for special applications, such as airplanes, submarines, and electric cars [1,2,3]. The main property of critical drives is their ability to continue operation after the occurrence of a fault state or emergency state. There are several ways to improve the reliability of these drives. The first is to use, for example, two independent drive systems [4]. In this case, full independence and separation of the drives is achieved. This is a safe solution because when one drive becomes defective, the other remains in operation. However, this solution requires more space and is heavier. Another group of solutions that has recently been developed consists of using only a one drive system using multi-channel [5,6,7,8] or multi-phase [9,10] machines. Such systems make it possible to reduce the mass of the motor and the space occupied by the drives while maintaining high reliability. Electric machines used in high-reliability critical drives include induction machines [11,12,13], switched reluctance machines (SRM) [8,14], permanent magnet synchronous machines (PMSM) [15,16,17], and brushless direct current machines with a permanent magnet (BLDCM) [7,18]. Unlike multi-phase solutions, multi-channels have clearly separated channels that are usually supplied by separate power supply sources [7,8]. In the case of multi-channel three-phase machines, each channel consists of three windings that are electrically separated from the windings of the other channels [15]. In the case of multi-phase solutions, the occurrence of an emergency state caused by a break (e.g., in one of the phases) must lead to the occurrence of an asymmetric magnetic pull. In the case of a multi-channel solution, depending on the configuration adopted, operation of the drive can continue with a balanced magnetic pull.



This article analyzes the problem of operating a quad-channel brushless direct current machine with a permanent magnet (QCBLDC) in quad-channel operation (QCO) mode. The four channels of the machine can be supplied from one, two, or four supply sources. An example of supply from two sources (DC1 and DC2) in the QCO mode is shown in Figure 1.



In the case of an emergency state in one of the channels, the system can switch to operating in the triple-channel operation (TCO) mode, the dual-channel operation (DCO) mode, or the single-channel operation (SCO) mode. This article assumes that a QCBLDC working in the QCO mode, after the occurrence of an emergency state in one of its channels, goes into the DCO mode. The third working channel in this case works as an emergency channel for the DCO mode. In the event of operation in the TCO mode, a balanced magnetic pull can be achieved only for the selected configurations of the channel location. Consequently, this operation status will not be analyzed at this stage of the research. The research problem formulated in this article is an answer to the question: which two channels, out of the three that are not defective, work in the DCO mode? So far, the literature on this topic has not presented an analysis of the properties of a four-channel permanent magnet brushless direct current (QCBLDC) machine, and there is no solution for the aforementioned research problem.



The objective of this article is to present the results of the research conducted by the authors on the properties of a QCBLDC motor working in two modes: QCO and DCO. Knowledge of the results of such an analysis is necessary to prepare a control algorithm that, in the event of the occurrence of an emergency state in one channel, would switch the motor from the QCO mode to the DCO mode. The analysis of the properties of a QCBLDC motor is conducted based on simulations and laboratory tests. Proprietary nonlinear circuit mathematical models for the QCBLDC motor are presented for the QCO and DCO modes. As part of the simulation tests, the results of a finite element method (FEM) two-dimensional analysis of the distribution of the magnetic fluxes and the distribution of stresses on the circumference of the stator are presented. The static characteristics, the current waveforms, and the electromagnetic torque are compared for the operating modes being analyzed. The results of the simulation tests were verified by conducting laboratory tests. The conclusions drawn from the results of the tests are presented in the summary.




2. Model and Winding Configurations of a Quad-Channel BLDC Motor


Figure 2a shows a proprietary prototype of the hybrid drive from a small unmanned aerial vehicle (UAV). The electric motor of this object is a three-phase brushless motor with permanent magnets (BLDCM). The stator of the motor with its windings is shown in Figure 2b. When designing the motor, the possibility to improve the reliability of the drive’s operation is taken into account. The possibility of an independent multi-channel supply for the motor is provided. The tested motor has the possibility to use a quad-channel supply or, as shown in the literature [5], a dual-channel supply. In the case of a quad-channel supply, there are two possible configurations of the stator windings. These possibilities are shown in Figure 3a (variant I) and Figure 3b (variant II). What makes these configurations different is the location of the windings of the different channels on the circumference of the stator. In variant I, the phases of each channel are staggered by 120 mechanical degrees (Figure 3a). In variant II, the windings of each channel are staggered by 30 mechanical degrees (Figure 3b). The channels in both variants are distributed as follows:




	
variant I: ADCBADCBADCB,



	
variant II: AAABBBCCCDDD.








Moreover, it was assumed that continuous operation was also possible using only two channels, i.e., in the DCO mode. In this case, the two remaining channels are redundant.



Regardless of the variant, there are six possible configurations of DCO: A and B, A and C, A and D, B and C, B and D, and C and D. In this paper, only two are analyzed; A and B and A and C. This analysis is shown in Table 1 and Figure 3c–f. Figure 3g,h show a phasor diagram of the induced voltages (BEMF) in the windings (1,2,3) of individual channels (A,B,C,D) for variants I and II. At the same time, under the conditions of a fully operational drive, it is possible to use all channels. This operating condition is identified as the QCO (quad-channel operation) mode. In this operating condition, each channel works with half of the required power. When analyzing the multi-channel supply, the impact of the location of the channels and the way they are supplied on the magnetic pull force was not considered. These aspects will be analyzed in subsequent stages of the research based on a coupled electromagnetic-mechanical analysis. Further, operations in odd channel number conditions (i.e., TCO and SCO) are not considered. The TCO mode may occur when one of the channels becomes defective. SCO is a condition of the critical operation of the system. This means that the remaining three channels have already become defective.




3. Mathematical Model of the QCBLDC Motors


The subject of the mathematical modelling is the QCBLDC motor, for which the authors’ circuit-based models, known as flux models, were proposed. The mathematical models are presented while taking into account the non-linearity of the magnetic circuit and the magnetic couplings between the particular phases within the given channel, as well as between the channels (A, B, C, D). Models are included for a machine that works in two modes: the quad-channel operation (QCO) mode and the dual-channel operation (DCO) mode.



The following simplifying assumptions have been adopted in the proposed mathematical model of the QCBLDC machine:



1. Symmetry of the magnetic and electric circuit structure of both the stator and rotor;



2. Decomposition of the phase fluxes into a sum of fluxes induced by phase currents (leakage and main fluxes) and fluxes from permanent magnets;



3. Simplified leakage fluxes from currents in the end-turns of windings;



4. Omitting the influence of temperature on the fluxes generated by permanent magnets and stator resistance.



3.1. Model for QCO Mode


The general structure of the mathematical model of the three-phase QCBLDC motor in QCO mode can be written in the following form:


   [        u  A          u  B          u  C          u  D       ]  =  [        R  A      0     0     0       0       R  B      0     0       0     0       R  C      0       0     0     0       R  D       ]     [          i  A            i  B            i  C            i  D       ]  +  d  d t    [        ψ  A          ψ  B          ψ  C          ψ  D       ]  +  [        e  A          e  B          e  C          e  D       ]   



(1)






  J   d ω   d t   + D ω +  T L  =  T e   



(2)






    d θ   d t   = ω  



(3)




where for channels   k ∈ (  A , B , C , D )   , the vectors representing the phase voltages,     u  k   , phase currents,     i  k   , phase back-EMF voltages,     e  k  =   e  k  ( θ ,  i  PM   )  , the flux linkages caused by the phase winding currents,     ψ  k  =   ψ  k  ( θ ,   i  A  ,   i  B  ,   i  C  ,   i  D  ,   i   PM   )  , as well as the matrixes of the stator resistances,     R  k   , are defined as follows:


         u  k  =    [     u 1 k  ,  u 2 k  ,  u 3 k   ]      T     ,     i  k  =    [     i 1 k     , i   2 k     , i   3 k   ]      T     ,     e  k  =    [   e 1 k  ,  e 2 k  ,  e 3 k   ]      T     ,     ψ  k  =    [   ψ 1 k  ,  ψ 2 k  ,  ψ 3 k   ]      T    ,           R  k  = diag (  R 1 k  ,  R 2 k  ,  R 3 k  ) .      











The following symbols are used in Equations (1) to (3): θ—rotor angle position,  ω —the rotor angular speed,    i  PM    —the permanent magnet magnetization equivalent current, J—the rotor’s (and load’s) moments of inertia, D—the rotor damping of the viscous friction coefficient,    T L   —the load torque,    T e   —the total electromagnetic torque.



The phase back-EMF vectors in Equation (1) for channels   k ∈ (  A , B , C , D )    are defined as follows:


    e  k  =  d  d t    [       ψ 1  kPM   ( θ ,  i  PM   )        ψ 2  kPM   ( θ ,  i  PM   )        ψ 3  kPM   ( θ ,  i  PM   )      ]  = ω  [        ∂  ψ 1  kPM   ( θ ,  i  PM   )   ∂ θ           ∂  ψ 2  kPM   ( θ ,  i  PM   )   ∂ θ           ∂  ψ 3  kPM   ( θ ,  i  PM   )   ∂ θ        ]   



(4)




where    ψ i  kPM   ( θ ,  i  PM   )   for   i ∈ (  1 , 2 , 3 )    are the permanent magnet fluxes linking the stator windings. The permanent magnet flux linking each stator winding of the QCBLDC motor follows the trapezoidal profile back-EMF. The real back-EMF is not a flat and ideal trapezoidal waveform. Other real back-EMF profiles can be defined in Equation (1). For example, the back-EMF waveform in the Fourier series for   k ∈ (  A , B , C , D )    and   i ∈ (  1 , 2 , 3 )    is represented as


   e i k  = ω  [   a   i 0   k  +   ∑  ν = 1  ∞    (   a  i ν  k  sin ( ν θ ) +  b  i ν  k  cos ( ν θ )  )     ]   



(5)







The flux linkages caused by the phase winding currents in Equation (1) for   k ∈ (  A , B , C , D )    can be written in the following form:


    ψ  k  =  [       L  1 σ   kk    i 1 k  +   ∑  l = A  D    (    ∑  j = 1  3    ψ   1 j    kl   ( θ ,  i j l  ,  i  PM   )    )           L   2 σ    kk    i 2 k  +   ∑  l = A  D    (    ∑  j = 1  3    ψ   2 j    kl   ( θ ,  i j l  ,  i  PM   )    )           L   3 σ    kk    i 3 k  +   ∑  l = A  D    (    ∑  j = 1  3    ψ   3 j    kl   ( θ ,  i j l  ,  i  PM   )    )         ]   



(6)




where    k ,    l ∈ (  A , B , C , D )    is the stator channel index,    i ,    j ∈ (  1 , 2 , 3 )    is the stator phase number, and    L  1 σ   kk     are the coefficients of the end-turn self-inductances. The stator flux linking (the so-called self-flux)    ψ  ii   kk     i-th   i ∈ (  1 , 2 , 3 )    phase for the k-th channel   k ∈ (  A , B , C , D )    in Equation (6) is calculated based on the following dependencies:


   ψ  ii   kk   ( θ ,  i i k  ,  i  PM   ) =  ψ i k  −  L   i σ    kk    i i k  −   ∑     l = A       l ≠ k     D    (    ∑     j = 1       j ≠ i     3    ψ  ij   kl   ( θ ,  i j l  ,  i  PM   )    )     



(7)







From non-linear dependence (Equation (7)), the phase current,    i i k   , is calculated:


   ψ  ii   kk   =  ψ  ii   kk   ( θ ,  i i k  ,  i  PM   )   ⇒    i i k  =  i i k  ( θ ,  ψ  ii   kk   ,  i  PM   )  



(8)







The electromagnetic torque in Equation (2) can be calculated as a derivative of the total magnetic field co-energy in the air gap with respect to the rotor angle’s position, θ. The expression    T e  =  T e  (   θ ,   i   A  ,   i   B  ,   i   C  ,   i   D  ,     i   PM   )   for electromagnetic torque for the QCO mode can be written in the following form:


     T e  =   ∑  k = A  D     ∑  i = 1  3    (    ∂  ψ i  kPM   ( θ ,  i  PM   )   ∂ θ      i i k   )      +   ∑  k = A  D     ∑  i = 1  3    (     ∫ 0   i i k       ∂  ψ  ii   kk   ( θ ,   i ˜  i k  ,    i  PM   )   ∂ θ        d  i ˜    i k      )      +   ∑  k = A  D     ∑  i = 2  3     ∑  j = 1   i − 1     (    ∂  ψ  ij   kk   ( θ ,  i j k  ,    i  PM   )   ∂ θ      i i k   )            +   ∑  k = B  D     ∑  i = 1  3     ∑  j = 1  3    (    ∂  ψ  ij   kA   ( θ ,  i j A  ,    i  PM   )   ∂ θ      i i k   )        +   ∑  k = C  D     ∑  i = 1  3     ∑  j = 1  3    (    ∂  ψ  ij   kB   ( θ ,  i j B  ,    i  PM   )   ∂ θ      i i k   )        +   ∑  i = 1  3     ∑  j = 1  3    (    ∂  ψ  ij   DC   ( θ ,  i j C  ,    i  PM   )   ∂ θ      i i D   )          +  T  cog   ( θ ,  i  PM   )    



(9)







Electromagnetic torque (Equation (9)) is the sum of the so-called cogging torque,    T  cog   ( θ ,  i  PM   )  , torques from fluxes linking permanent magnets and windings currents. The cogging torque of the permanent magnet (PM) machines, produced by magnets, can be expanded into a Fourier series:


   T  cog   =  T  cog   ( θ ,  i  PM   ) =   ∑  ν = 1  ∞    T ν  (  i  PM   ) sin ( ν q θ +  θ 0  )    



(10)




where    T ν  (  i  PM   )   is the amplitude of the ν-th harmonic, q is the number of slots, and    θ 0    is the initial angle.



The component’s electromagnetic torque produced by the permanent magnets and currents can be acquired in the form:


   T e  PM   =   ∑  k = A  D     ∑  i = 1  3    (    ∂  ψ i  kPM   ( θ ,  i  PM   )   ∂ θ      i i k   )      =  1 ω    ∑  k = A  D     ∑  i = 1  3    (   e i k     i i k   )       



(11)







Equations (1) and (2) with Equations (4), (6), and (9) constitute the nonlinear mathematical model of the QCBLDC motors in the QCO mode.




3.2. Model for DCO Mode


The voltage Equation (1) for the DCO mode, i.e., where only channels A and B are supplied, can be written in the following form:


   [        u  A          u  B       ]  =    [        R  A      0       0       R  B       ]   [        i  A          i  B       ]  +  d  d t    [        ψ  A          ψ  B       ]  +  [        e  A          e  B       ]   



(12)




where, for channels   k ∈ (  A , B )   , the phase back-EMFs voltages,     e  k  =   e  k  ( θ ,  i  PM   )  , and vectors representing the flux linkages caused by phase winding currents,     ψ  k  =   ψ  k  ( θ ,   i  A  ,   i  B  ,   i   PM   )  , are defined as follows:


    e  A  = ω  [        ∂  ψ 1  APM   ( θ ,  i  PM   )   ∂ θ           ∂  ψ 2  APM   ( θ ,  i  PM   )   ∂ θ           ∂  ψ 3  APM   ( θ ,  i  PM   )   ∂ θ        ]  ,     e  B  = ω  [        ∂  ψ 1  BPM   ( θ ,  i  PM   )   ∂ θ           ∂  ψ 2  BPM   ( θ ,  i  PM   )   ∂ θ           ∂  ψ 3  BPM   ( θ ,  i  PM   )   ∂ θ        ]   



(13)






        ψ  A  =  [       L  1 σ   AA    i 1 A  +   ∑  j = 1  3    (     ψ   1 j    AA   ( θ ,  i j A  ,  i  PM   ) +  ψ   1 j    AB   ( θ ,  i j B  ,  i  PM   )  )           L  2 σ   AA    i 2 A  +   ∑  j = 1  3    (     ψ   2 j    AA   ( θ ,  i j A  ,  i  PM   ) +  ψ   2 j    AB   ( θ ,  i j B  ,  i  PM   )  )           L  3 σ   AA    i 3 A  +   ∑  j = 1  3    (     ψ   3 j    AA   ( θ ,  i j A  ,  i  PM   ) +  ψ   3 j    AB   ( θ ,  i j B  ,  i  PM   )  )         ]   ,        ψ  B  =  [       L  1 σ   BB    i 1 B  +   ∑  j = 1  3    (     ψ   1 j    BA   ( θ ,  i j A  ,  i  PM   ) +  ψ   1 j    BB   ( θ ,  i j B  ,  i  PM   )  )           L  2 σ   BB    i 2 B  +   ∑  j = 1  3    (     ψ   2 j    BA   ( θ ,  i j A  ,  i  PM   ) +  ψ   2 j    BB   ( θ ,  i j B  ,  i  PM   )  )           L  3 σ   BB    i 3 B  +   ∑  j = 1  3    (     ψ   3 j    BA   ( θ ,  i j A  ,  i  PM   ) +  ψ   3 j    BB   ( θ ,  i j B  ,  i  PM   )  )         ]     



(14)







The expression for the electromagnetic torque,    T e  =  T e  (   θ ,   i   A  ,   i   B  ,     i   PM   )  , with Equation (14) taken into account, can be written in the following form:


     T e  =   ∑   i = 1   3    (    ∂  ψ i  APM   ( θ ,  i  PM   )   ∂ θ      i i A  +   ∂  ψ i  BPM   ( θ ,  i  PM   )   ∂ θ      i i B   )    +   ∑   i =  1  3    (     ∫ 0   i i A       ∂  ψ  ii   AA   ( θ ,   i ˜  i A  ,    i  PM   )   ∂ θ        d  i ˜    i A  +    ∫ 0   i i B       ∂  ψ  ii   BB   ( θ ,   i ˜  i B  ,    i  PM   )   ∂ θ        d  i ˜    i B         )        +   ∑  i = 2  3     ∑  j = 1    i   − 1      (    ∂  ψ  ij   AA   ( θ ,  i j A  ,    i  PM   )   ∂ θ      i i A  +   ∂  ψ  ij   BB   ( θ ,  i j B  ,    i  PM   )   ∂ θ      i i B   )      +   ∑  i = 1  3     ∑  j = 1  3    (    ∂  ψ  ij   BA   ( θ ,  i j A  ,    i  PM   )   ∂ θ      i i B   )      +  T  cog   ( θ ,  i  PM   )    



(15)







The components of the electromagnetic torque produced by permanent magnets and currents (the first component of the right side of Equation (15)) can be determined in the form:


   T e  PM   =  1 ω    ∑  i = 1  3    (   e i A     i i A  +  e i B     i i B   )     



(16)







Equation (12) with Equations (13) and (14), and Equation (2) with Equation (15) constitute the mathematical model of a QCBLDC machine in the DCO mode.





4. Static Characteristics


The following assumptions were made in the FEM two-dimensional numerical calculations:



1. Symmetry of the magnetic and electric circuit structure of both the stator and the rotor;



2. Omitting the influence of temperature on fluxes generated by permanent magnets;



3. Omitting the influence of temperature on phase resistance;



4. Maintaining a constant speed in the transient analysis.



4.1. Electromagnetic Torque


The characteristics of static electromagnetic torque were determined for the QCO operation, and for both the analyzed variants (variant I and variant II) of the DCO operation, using FEM two dimensional commercial software [19].



The calculations were performed for one electrical period (36 mechanical degrees) at I = constant, supplying the phases, Ph1 and Ph2, and speed, n = 0.167 r/min. The current was changed in the range of 0 to 25 A for QCO and 0 to 50 A for DCO. The average value of the electromagnetic torque, Teav, as a function of the current, I, flowing in the channel is shown in Figure 4a. Examples of the relationship between the electromagnetic torque, Te, and the rotor position are shown in Figure 4b. The numerical calculations were verified under laboratory conditions. A laboratory stand used to determine static characteristics is shown in Figure 4c. Examples of laboratory static torque characteristics are shown in Figure 4d.



In QCO operation, the configuration type (variant I, variant II) is completely unimportant. In DCO operation, the electromagnetic torque decreases (as a result of saturation). In the operating range (to the value of the rated torque), this influence is practically negligible. In overload operation (or in emergency operation), the constant torque in the DCO mode decreases. The difference between variant I and variant II is insignificant. A slightly smaller value of torque was generated in variant II. In both variants, no difference between the A and B configuration and the A and C configuration was identified in the DCO operation. This means that the type of variant and the configuration does not influence the value of the electromagnetic torque produced. There are differences between the QCO mode and the DCO mode in the stress within the magnetic circuit of the stator. Figure 5 shows examples of the surface force density of the magnetic circuit of the stator (of magnetic origin) for the selected positions of the rotor and for variant I of the stator winding. The results obtained for variant II are similar.



In the DCO mode, there is a significant increase in the stress compared to the QCO mode. In the case of the DCO A and B supply, the distribution of the stresses is non-symmetric, which is conducive to the occurrence of vibrations in the structure. In this regard, this configuration is not recommended. However, if operation needs to continue, e.g., after the C and D channels have become defective, the motor can continue to operate with increased asymmetry of the magnetic pull.




4.2. Flux Characteristics-Variant I


Due to the division of the windings into four channels, there are twelve flux linkages with individual phases. Figure 6, Figure 7 and Figure 8 show the flux linkages as a function of the rotor position for variant I in all analyzed configurations.



In the case of the dual-channel supply in variant I, the A and C supply configuration (Figure 7) is more beneficial because of its minimal multi-channel magnetic coupling. The A and B configuration has a slightly greater magnetic coupling between the channels. However, the difference is not significant.




4.3. Flux Characteristics-Variant II


Figure 9 and Figure 10 show the flux linkages for the analyzed configurations for variant II of the dual-channel supply.



In the case of variant II, it is not possible to indicate a more advantageous configuration due to the impact of the linkages or the impact of saturation of the magnetic circuit.



All determined characteristics were implemented in the simulation model as per the two-dimensional lookup table in the Matlab SISOTOOL system (R2019a, MathWorks, Natick, MA, USA) [20]. This has been explained in a previous paper [21].





5. Waveforms, Current, Voltage, and Electromagnetic Torque


5.1. Numerical Calculations


For the purpose of transient analysis, numerical calculations were performed for a constant rotor speed of n = 1000 r/min. In the calculations, it was assumed that, in the QCO mode, the value of the reference current set on the current control devices in all channels was equal to 10 A. In the dual-channel operation mode, the reference current was equal to 20 A for each of the analyzed configurations of both variants. Figure 11 and Figure 12 show the electromagnetic torque of the motor for variant I (Figure 11) and variant II (Figure 12). Figure 13 shows the relationship between the flux linkage of the phase, Ph1, and the current for all cases analyzed.



Selected results of the examinations are presented in Table 2.



The variant types and configurations of the channels have little impact on the average value of the electromagnetic moment, Teav. Switching to the DCO mode results in an increase in copper losses (Pcu), with a small reduction of iron losses (PFe). In the case of dual-channel operation, the electromagnetic torque’s ripple increases slightly. The efficiency of energy processing in the DCO mode is significantly deteriorated due to increased winding losses. The highest efficiency in the DCO mode was achieved for variant I of A and C. However, in general, the differences in the energy processing efficiency for each of the two variants of the DCO mode are small.




5.2. Laboratory Test


In laboratory conditions, a quad-channel supply for a QCBLDC motor was developed. Figure 14 shows the test stand. Laboratory tests were performed only for variant II.



In laboratory conditions, the current waveforms were recorded during quad-channel, triple-channel, dual-channel, and single-channel operations (Figure 15): A switch from the QCO mode was connected to the TCO mode (Figure 16a), the DCO A and B mode (Figure 16b), the DCO A and C mode (Figure 16c), and to the SCO mode (Figure 16d) of variant II (Udc = 24 V, TL = 1.2 N·m).



During the transition from the QCO mode to the TCO, DCO, and SCO modes, channel D (Figure 16a), C and D (Figure 16b), B and D (Figure 16c), and A and B and C (Figure 16d) were disconnected, and channel A and B and C (Figure 16a), A and B (Figure 16b), A and C (Figure 16c), and D (Figure 16d) started to operate with a shaft load. To achieve the same moment, the currents in the active channels must increase by 133% in the TCO mode, by 200% in the DCO mode, and by 400% in the SCO mode. This increase leads to a decrease in speed in an open-loop control system and results in an output power decrease of a few percent.



The mechanical characteristics and the general efficiency were determined for the selected work mode in a stable state (without current regulation). The load torque was changed to 4 N·m (or 2 N·m for the SCO mode). The rotational speed as a function of the load torque is shown in Figure 17a. The general efficiency as a function of the load torque is shown in Figure 17b. This was determined using the direct method (η = Pout/Pin). For a load torque of TL = 2 N·m, the acceleration of vibration and the noise level were recorded. The results are given in Table 3.



The QCO, TCO, and DCO work modes enable continuous operation of the machine. In the case of the SCO mode, the motor is usually already working in the overload range. This is a critical work condition that should enable operation of the device for a specific period of time. The QCO mode ensures the highest efficiency. In the TCO mode, the efficiency of energy processing is slightly reduced. In the DCO mode, a slightly higher efficiency is achieved in the A and C mode. This efficiency is smaller than that in the TCO mode.



The vibration and noise results presented in Table 3 indicate that the most advantageous work mode is QCO. The DCO A and C work condition was only slightly worse than QCO. The TCO work mode (regardless of the variant) was noticeably noisier than the DCO A and C mode. The DCO A and B work mode was significantly noisier than The DCO A and C mode and TCO mode. The SCO mode was comparable to the DCO A and B mode.



It is possible to maintain a constant speed after turning off one, two, or three channels under operation in a constant torque region.



In a practical layout, some differences between the channels were visible (Figure 15a–c). These differences are due to the differences between the voltages induced in the windings of the different channels. The induced voltages (BEMF) of the shut-down channels in the DCO of one phase are shown in Figure 18. These differences do not affect the reliability of the machine but, unfortunately, result in uneven loads on different channels.



The problem of operating in TCO, DCO, and SCO modes after the occurrence of a fault state (e.g., short-circuit in the winding) was initially analyzed. Under certain conditions, further motor operation is possible. This was confirmed by preliminary laboratory tests. This will be discussed in future publications.





6. Conclusions


Reliable operation is vitally important for critical drives. This article proposes a quad-channel design for a BLDC machine (QCBLDC) that allows operation with an independent supply from four inverter systems. During fault-free operation, this machine can work in one of the following two operating modes: quad-channel operation (QCO) or dual-channel operation (DCO). In the DCO mode, there are two possible configurations, which are not significantly different from each other with regards to their electrical parameters. The two variants analyzed in this article have very similar parameters. For mechanical reasons, it is more beneficial to supply channel windings staggered by 120 mechanical degrees (variant I). For technological reasons, it is easier to manufacture variant II (shorter winding connections). Compared to the QCO mode, the DCO mode for the same duty point is characterized by a slightly lower efficiency (greater copper losses) and only a slightly higher but balanced magnetic pull (A and C mode). In the case of the DCO A and C mode, the type of variant is not important. In the case of the DCO A and B variant II, a significant increase in vibrations and noise was observed. In the case of variant II of the TCO mode, there was also an insignificant (but noticeable) increase in the vibration and noise level compared to DCO A and C. The results of both the simulation tests and the laboratory tests confirm that the suggested design for the QCBLDC motor effectively works in both the QCO and DCO modes. The problem of operating in TCO, DCO, and SCO modes after the occurrence of a fault state, and the preparation of control algorithms that will facilitate the continued operation of a QCBLDC machine in such a situation, will be discussed in future publications.
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Figure 1. A scheme of a quad-channel brushless permanent magnet direct current (QCBLDC) supply system under quad-channel operation (QCO) mode with two supply sources. 
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Figure 2. The prototype of a three-phase quad-channel brushless machine with a permanent magnet (QCBLDC) machine; (a) the hybrid drive of a small unmanned aerial vehicle; (b) the stator with windings. 






Figure 2. The prototype of a three-phase quad-channel brushless machine with a permanent magnet (QCBLDC) machine; (a) the hybrid drive of a small unmanned aerial vehicle; (b) the stator with windings.



[image: Energies 12 03667 g002]







[image: Energies 12 03667 g003 550] 





Figure 3. Scheme of the winding distribution of channels on the stator of a three-phase QCBLDC motor: variant I—quad-channel operation (QCO) (a), variant II—QCO (b), variant I—dual-channel operation (DCO) (channel A and C) (c), variant II—DCO (channel A and C) (d), variant I—DCO (channel A and B) (e), variant II—DCO (channel A and B) (f), variant I—phasor diagram (g), and variant II—phasor diagram (h). 






Figure 3. Scheme of the winding distribution of channels on the stator of a three-phase QCBLDC motor: variant I—quad-channel operation (QCO) (a), variant II—QCO (b), variant I—dual-channel operation (DCO) (channel A and C) (c), variant II—DCO (channel A and C) (d), variant I—DCO (channel A and B) (e), variant II—DCO (channel A and B) (f), variant I—phasor diagram (g), and variant II—phasor diagram (h).



[image: Energies 12 03667 g003]







[image: Energies 12 03667 g004 550] 





Figure 4. The static characteristics of electromagnetic torque: The average value of electromagnetic torque vs. current (a); electromagnetic torque vs. rotor positions—simulation tests (b); the stand to determine static characteristics (c); electromagnetic torque vs. rotor positions (laboratory test—variant II) (d). 
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Figure 5. Surface force density: QCO (a); DCO A and C (b); DCO A and B (c)—variant I. 
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Figure 6. Flux linkages vs. rotor positions for QCO—variant I. 
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Figure 7. Flux linkages vs. rotor positions for DCO A and C—variant I. 
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Figure 8. Flux linkages vs. rotor positions for DCO A and B—variant I. 
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Figure 9. Flux linkages vs. rotor positions for DCO A and C—variant II. 
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Figure 10. Flux linkages vs. rotor positions for DCO A and B—variant II. 
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Figure 11. Waveforms of electromagnetic torque—variant I. 
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Figure 12. Waveforms of electromagnetic torque—variant II. 
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Figure 13. Flux linkages vs. rotor positions for all configurations. 
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Figure 14. Stand for transient test of a QCBLDC motor. 
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Figure 15. Waveforms of currents for QCO (a); TCO (b); DCO A and C (c); DCO A and B (d); and SCO (e). 
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Figure 16. Waveforms of the currents, load torque, and speed for QCO in the TCO mode (a), the DCO A and B mode (b), the DCO A and C mode (c), and the SCO mode (d). 
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Figure 17. Speed vs. torque load (a), overall efficiency vs. torque load (b)—variant II. 
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Figure 18. The induced voltages: DCO A and B mode (a), DCO A and C mode (b). 
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Table 1. The selected typical operation conductions of a QCBLDC motor.
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Channel

	
Variant I

	
Variant II




	
QCO

	
TCO

	
DCO

	
SCO

	
QCO

	
TCO

	
DCO

	
SCO




	
A and B

	
A and C

	
A and B

	
A and C






	
A

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	
B

	
X

	
X

	
X

	
-

	
-

	
X

	
X

	
X

	
-

	
-




	
C

	
X

	
X

	
-

	
X

	
-

	
X

	
X

	
-

	
X

	
-




	
D

	
X

	
-

	
-

	
-

	
-

	
X

	
-

	
-

	
-

	
-








Table legend: QCO — quad-channel operation, TCO — triple-channel operation, DCO — dual- channel operation, SCO — single-channel operation.
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