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Abstract

:

This paper analyses the condition of a partial short-circuit in a brushless permanent magnet motor. Additionally, the problem was analysed for three stator winding configurations: star, delta and star-delta connection. The paper presents an original mathematical model allowing a winding configurations to be analysed. What is more, the said mathematical model allows taking account of the partial short-circuit condition. Frequency analysis (Fast Fourier Transform—FFT) of the artificial neutral point voltage was proposed for the purpose of detecting the partial short-circuit condition. It was demonstrated that a partial short-circuit causes a marked increase in the diagnostic frequencies of the voltage signal. The proposed brushless permanent magnet motor diagnostic method is able to detect the fault regardless of the stator winding configuration type.
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1. Introduction


Brushless permanent magnet motors are an attractive alternative to typical induction motors [1,2,3,4,5]. The use of high-energy permanent magnets enables the reduction of the weight of the motor while keeping the power of the motor at the same level. At the same time, the energy conversion efficiency is higher than in the case of induction motors [6,7,8,9]. As it is necessary to use a power-electronic system, brushless permanent magnet motors can be used effectively predominantly in drives with variable rotational speed. In some cases, due to the limitations in terms of the available space and the weight of the driving unit, permanent motors are the only alternative [10,11]. Electric equipment of this type is successfully used in the drives intended for small unmanned aerial vehicles (UAVs) [12]. The basic characteristics of such equipment should include reliability, which means that it is necessary to monitor their operation and prevent possible failures.



Causes of a failure of a drive system featuring a permanent motor may occur in the power supply system (extrinsic causes) or in the equipment itself (intrinsic causes). Intrinsic causes include all sorts of open-circuits or short-circuits in the winding of the motor, e.g., partial short-circuits in the winding [12,13,14,15,16,17,18,19]. The consequences of a partial short-circuit depend, inter alia, on the number of shorted turns. The fault current and phase current are in opposite phase. The fault current generates reverse magnetic flux in the faulty slot, which opposes the main flux. This causes a change in the value of the flux in each pole of the faulty phase. A greater number of shorted turns has a severely negative effect on the performance of the motor. In most cases, it impedes further operation of the drive system. In the case of the so-called critical drives, their operation is monitored. There are various methods for monitoring and diagnosing the operation of electric motors [20,21,22,23]. Electric, temperature or vibration signals are used for monitoring and diagnostic purposes. As far as electric signals are concerned, it is very often the case that, e.g., in the case of induction motors, the motor currents are used as diagnostic signals [24]. These are effective tools for detecting, e.g., rotor damage [25]. Detection of a partial short-circuit in brushless permanent motors is a much more complex problem. Machine Current Signature Analysis (MCSA) is used to detect inter-turn short circuit [17]. In this case, different signal processing techniques can be applied, e.g., Hilber-Huang (HHt), wavelet transform (WT) or fast Fourier transform (FFT). In general, the method extracts current harmonics. Depending on the technique, for example, the 3rd harmonic or the 9th harmonic are significant. The appearance of these harmonics usually indicates an internal short-circuit condition. A typical disadvantage of the method is the dependence of the diagnostic signals on the operating point of the machine (speed, torque).



The voltage approach to the detection of partial short-circuit conditions is almost independent of the load torque. Additionally, in this case, there are various fault detection techniques based on the voltage analysis, e.g., zero-sequence-voltage components (ZSVC), voltage asymmetry, Park vector, wavelet transform [17]. The most popular is ZSVC [21,23]. It is reliable and can detect single short-circuit. Nevertheless, it can be applied only for star connection and requires access to the winding neutral point.



An artificial neutral point is used in senseless control systems. Such control method does not require connection to the winding neutral point. The rotor position is calculated on the basis of BEMF third-harmonic analysis. An artificial neutral point voltage also can be used for the purpose of detecting various fault conditions of a BLDC motor. The authors of this paper have successfully applied this method to detect a typical fault condition, i.e., an open-circuit in one of the windings of a BLDC motor [26]. The same method can be also applied to detect a partial short-circuit, as described herein.



This article presents an analysis of various partial-short-circuit conditions of a BLDC motor that is type of PMM used as a component of a hybrid drive system of an unmanned aerial vehicle (UAV). To demonstrate the universal nature of the method, partial short-circuit conditions were analysed for three stator winding configurations, i.e., star (Y), delta (Δ) and, as a new addition, star-delta (YΔ) configuration. The paper includes an original mathematical model of a BLDC motor allowing for the partial short-circuit condition in the selected phase for the star-delta (YΔ) winding configuration. The paper analyses symmetrical operation as well as the performance of the drive system in the selected fault condition, i.e., a partial short-circuit, in one of the phases of the stator winding of the BLDC motor for star, delta as well as star-delta winding configuration. Fast Fourier Transform (FFT) of the voltage signal in the form of the voltage of the so-called artificial neutral point, a method which can be used regardless of the motor winding configuration type, was used for the purpose of monitoring the performance of the drive system featuring a BLDC motor. Selected results of simulations and laboratory tests were presented, particularly of line currents, the content of higher harmonics of the voltage of the artificial neutral point as well as thermal tests for the symmetrical operation and for the analysed short-circuit conditions. The conclusions section demonstrates the usefulness of the proposed methods for diagnosing fault conditions in the form of a partial short-circuit in BLDC motors.



The machine diagnostics is especially important in the critical drives where high reliability is required. This can be achieved by using, for example, a multi-channel power supply. According to the authors, each channel can be considered as an independent machine. Information about the status of each channel is crucial for the operation of the critical drive. The proposed method based on FFT analysis of the artificial neutral point voltage is, in the authors’ opinion, suitable for multi-channel power supply.




2. Analysis of the Winding Configuration


2.1. Star, Delta and Star-Delta Windings Configuration


Typical configurations of the windings of brushless permanent motors are star connection and, much less commonly, delta connection. Delta connection is successfully used in low-voltage, low-power motors. A mixed star-delta connection is an unusual configuration. At this point, there are very few papers on this non-standard winding configuration type [27,28]. This applies particularly to brushless permanent motors [29].



Figure 1 presents a hybrid drive system featuring a brushless DC motor to be used in an unmanned aerial vehicle (UAV). Selected motor parameters are listed in Table 1.



Reconfiguration of the motor windings was taken into account at their design stage. Apart from the typical star or delta configurations, it is also possible to use the mixed star-delta connection type. All of the analysed configurations were illustrated in Figure 2b–d.



Figure 2a presents the system for the detection of the voltage of the artificial neutral point u0. The system for the detection of the voltage of the artificial neutral point u0 is independent of the winding configuration (Figure 2a).



In the analysed winding configurations, shorted turns were highlighted. A partial short-circuit in the star configuration was labelled as SC1. Similarly, in the case of a mixed star-delta configuration, a short-circuit in the star section was also labelled as SC1. A short-circuit for the delta connection or in the delta section (of a mixed, star-delta connection) was labelled as SC2.




2.2. Static Characteristics


Static characteristics in the symmetry conditions and in the partial short-circuit condition were identified based on the numerical models. The star winding configuration was assumed to the basic variant (Figure 2b). In the case of windings with a star connection, the current value IY = 10 A was used for the tests. This corresponds to current density of 8 A/mm2. Current values for the remaining configurations were recalculated allowing for maintaining identical copper loss values [30].



In the case of delta type or the mixed-type connection (fault in the delta section), in static conditions it is necessary to perform calculations/measurements in the situation of a short-circuit of the so-called short (Figure 2c Δ, Figure 2d YΔ I1 = −I3, I2 = 0) and long (Figure 2c Δ, Figure 2d YΔ I1 = −I2, I3 = 0) path.



Figure 3 presents the results of the calculations for the analysed winding configurations.



Table 2 presents torque constants (kT = Teav/Irms) corresponding to particular configurations and the partial short-circuit condition.




2.3. Induced Voltage


In the case of the line induced voltage (BEMF), identical tests were performed at 1000 rpm. Figure 4 presents the results of the calculations.



Table 3 presents voltage constants (KE) corresponding to particular configurations as well as the partial short-circuit condition.





3. Mathematical Model of the Stator Short-Circuit in BLDC Motor with Star-Delta Winding


The mathematical model of a BLDC are presented for BLDC machines with YΔ winding configurations. The following simplifying assumptions are adopted in proposed model of the three-phase BLDC motor:




	-

	
symmetric cylindrical stator and permanent magnet type rotor, linear magnetic circuit, cogging and reluctance torques are neglected,




	-

	
short-circuit of the Y winding coils in phase 1 (YΔ configuration) with current    i   1 Ysc       and BEMF voltage    e   1 Ysc      , respectively,




	-

	
the short-circuit parameters are referred as    R   1 Ysc      -resistance,    L   1 Ysc      -inductance.









Final equations of the model are derived from the base equations without constraints and constraint equations resulting from the YΔ stator winding configuration of the BLDC motor.



3.1. No-Constraints Phase Voltages, Three-Phase BLDC Star-Delta Model


The general structure of the mathematical model of the three-phase BLDC motor with combined YΔ windings can be written in the following form:


          u  Y           u  Δ        0      =         R  Y       0     0       0       R  Δ       0       0     0      R   1 Ysc                   i  Y           i  Δ          i   1 Ysc           +         L   YY          L   Y Δ          L   Ysc            L   Δ Y          L   Δ Δ          L    Δ sc             L   scY          L    sc Δ          L   1 Ysc            d  d t           i  Y           i  Δ          i   1 Ysc           +         e  Y           e  Δ          e   1 Ysc            



(1)






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



(2)




where total electromagnetic torque    T e    is given by:


   T e   =  1   ω m            i  Y      T    e  Y   +       i  Δ      T    e  Δ   +  i   1 Ysc      e   1 Ysc          



(3)







In Equations (1)–(3) vectors representing phase voltages     u  Y   ,     u  Δ    , phase currents     i  Y   ,     i  Δ    , phase BEMF voltages     e  Y   ,     e  Δ    , as well as matrices of stator resistances     R  Y   ,     R  Δ     and coefficients of self- and mutual inductances     L   YY    ,     L    Δ Δ     ,     L    Y Δ     ,     L    Δ Y     ,   L   Ysc    ,   L    Δ sc     ,   L   scY    ,   L    sc Δ       are defined as follows:


     u  Y   =      u   1 Y     ,  u   2 Y     ,  u   3 Y         T     ;     i  Y   =      i   1 Y     ,  i   2 Y     ,  i   3 Y         T     ;     e  Y   =      e   1 Y     ,  e   2 Y     ,  e   3 Y         T     ;      R  Y   = diag (  R   1 Y     ,  R   2 Y     ,  R   3 Y     )   










     u  Δ   =      u   1 Δ     ,  u   2 Δ     ,  u   3 Δ         T     ;     i  Δ   =      i   1 Δ     ,  i   2 Δ     ,  i   3 Δ         T     ;     e  Δ   =      e   1 Δ     ,  e   2 Δ     ,  e   3 Δ         T     ;      R  Δ   = diag (  R   1 Δ     ,  R   2 Δ     ,  R   3 Δ     )   










     L   YY    =        L   1 Y 1 Y          L   1 Y 2 Y          L   1 Y 3 Y            L   2 Y 1 Y          L   2 Y 2 Y          L   2 Y 3 Y            L   3 Y 1 Y          L   3 Y 2 Y          L   3 Y 3 Y             ;     L    Y Δ     =        L   1 Y 1 Δ          L   1 Y 2 Δ          L   1 Y 3 Δ            L   2 Y 1 Δ          L   2 Y 2 Δ          L   2 Y 3 Δ            L   3 Y 1 Δ          L   3 Y 2 Δ          L   3 Y 3 Δ             ;     L   Ysc    =        L   1 Y 1 Ysc            L   2 Y 1 Ysc            L   3 Y 1 Ysc             ;      L    Δ Y     =   (   L    Y Δ     )  T  ;     










     L    Δ Δ     =        L   1 Δ 1 Δ          L   1 Δ 2 Δ          L   1 Δ 3 Δ            L   2 Δ 1 Δ          L   2 Δ 2 Δ          L   2 Δ 3 Δ            L   3 Δ 1 Δ          L   3 Δ 2 Δ          L   3 Δ 3 Δ             ;     L    Δ sc     =        L  1 Δ  1 Ysc            L  2 Δ  1 Ysc            L  3 Δ  1 Ysc             ;     L   scY    =   (   L   Ysc    )  T    ;     L    sc Δ     =   (   L    Δ sc     )  T    











The following symbols are used in Equations (1)–(3) for i, j = 1,2,3:    u  iY    ,  u   i Δ      —phase voltages,    i  iY    ,  i   i Δ      —phase currents,    R  iY    ,  R   i Δ      —phase resistances,    L  iYjY    ,  L   iYj Δ     ,  L   i Δ j Δ     ,  L   iY 1 Ysc     ,  L   i Δ 1 Ysc      -self and mutual inductances,    e  iY    ,  e   i Δ      —phase back-EMFs voltages,    R   1 Ysc     ,  L   1 Ysc      —resistance and inductance of short-circuit, J—rotor moment of inertia,    ω m   —mechanical angular speed of rotor, D—rotor damping of viscous friction coefficient,    T L   —load torque.



The phase BEMF voltage vectors     e  Y   ,     e  Δ     and voltage    e   1 Ysc       in Equations (1) and (3) are defined as follows:


     e  Y   =        e   1 Y            e   2 Y            e   3 Y           = ω        K   E 1 Y      f Y      θ                      K  EY     f Y     θ −   2 π  3           K  EY     f Y     θ −   4 π  3            ;     e  Δ   =        e   1 Δ            e   2 Δ            e   3 Δ           = ω  K  E Δ           f Δ      θ                      f Δ     θ −   2 π  3           f Δ     θ −   4 π  3            ;   e   1 Ysc     =   ω  K   E 1 Ysc      f Y    θ    



(4)




where θ—electrical rotor angle,   ω = d θ / d t = p    ω m   —electrical angular speed, p—machine pole pairs,    K   E 1 Y     ,    K  EY    ,    K   E Δ     ,  K   E 1 Ysc      —back-EMF constant of one phase and short-circuit,    f Y   ( θ ) ,    f Δ   ( θ )  —phase trapezoidal functions, profile back-EMF. The permanent magnet flux linking each stator winding of the BLDC motor follows the trapezoidal profile back-EMF. The real phase BEMF is not a flat and ideal trapezoidal waveform and functions    f Y   ( θ   ) ,    f Δ   ( θ   )   can be expressed as Fourier series.



Additional constraints on voltages and currents are imposed by the arrangement of motor phase windings in combined star-delta (YΔ) configuration. The relationship of line-to-line and phase voltages, line and phase currents in a Star-Delta (YΔ) connection, for example, can be written as:


          u  12           u  23           u  31          =   K  Y    u  Y   +   u  Δ     ;     K  Y  =      1    − 1    0     0   1    − 1       − 1    0   1        ;          i 1          i 2          i 3         =        i   1 Y            i   2 Y            i   3 Y           =   K  Δ           i   1 Δ            i   2 Δ            i   3 Δ             ;    K  Δ  =      1   0    − 1       − 1    1   0     0    − 1    1        



(5)







Including the constraint Equation (5) in (1) and (3), the final equations of the BLDC motor model can be written for YΔ configurations.




3.2. Final Star-Delta Winding Configuration Line Voltage Model


The model line-to-line voltages and total electromagnetic torques can be written as follows:


          u  12           u  23           u  31         0       =        R  11         R  12         R  13       0       R  21         R  22         R  23       0       R  31         R  32         R  33       0     0   0   0     R  1 Ysc                   i  1 Δ           i  2 Δ           i  3 Δ            i  1 Ysc          +         L  11        L  12        L  13        L  1 sc            L  21        L  22        L  23        L  2 sc            L  31        L  32        L  33        L  3 sc            L  sc 1          L  sc 2          L  sc 3          L  1 Ysc              d  d t            i  1 Δ            i  2 Δ            i  3 Δ            i  1 Ysc            +         e  12            e  23            e  31            e  1 Ysc             



(6)








    T e   =  1   ω m       i  1 Δ    e  12    +  i  2 Δ    e  23    +  i  3 Δ    e  31    +  i   1 Ysc      e   1 Ysc         



(7)





The line-to-line back-EMF voltages in Equations (6) and (7) are defined as follows:


         e  12           e  23           e  31          =        e  1 Δ    +  e  1 Y    −  e   2 Y            e  2 Δ    +  e  2 Y    −  e  3 Y           e  3 Δ    +  e  3 Y    −  e   1 Y            



(8)







The equivalent motor parameters in Equation (6) are determined by the following relationships:


          R  11         R  12         R  13           R  21         R  22         R  23           R  31         R  32         R  33          =   K  Y    R  Y     K  Δ  +   R  Δ     ;         L  11         L  12         L  13           L  21         L  22         L  23           L  31         L  32         L  33          =   K  Y    L   YY      K  Δ  +   L   Δ Y      K  Δ  +   K  Y    L   Y Δ    +   L   Δ Δ    ;   



(9)






          L   1 sc            L   2 sc            L   3 sc           =   K  Y    L   Ysc    +   L    Δ sc       ;          L   sc 1          L   sc 2          L   sc 3           =          L   1 sc            L   2 sc            L   3 sc            T    



(10)







Line currents of the star-delta (YΔ) winding configuration are calculated based on the phase currents    i   1 Δ     ,  i   2 Δ     ,  i   3 Δ       of the Δ section calculated based on the Equations (6) and (7) in line with the relation (5).



Equations (6) and (2) with (7) constitute in general a mathematical model of the stator short-circuit fault BLDC Motor with YΔ winding configurations. The equations will feature a similar structure in the event a short-circuit occurs, e.g., in the first phase of the Δ section of the YΔ winding configuration.



The equations allowing for a short-circuit in a winding connected exclusively in the Y or the Δ configuration represent special cases among the presented Equations (6) and (7). For example, the equations for the Y only connection will have the following form:




           u  12           u  23           u  31         0       =        R  11         R  12         R  13       0       R  21         R  22         R  23       0       R  31         R  32         R  33       0     0   0   0     R  1 Ysc                   i  1 Y           i  2 Y           i  3 Y            i  1 Ysc            +         L  11        L  12        L  13        L  1 sc          L  21        L  22        L  23        L  2 sc            L  31        L  32        L  33        L  3 sc            L  sc 1          L  sc 2          L  sc 3          L  1 Ysc              d  d t            i  1 Y            i  2 Y            i  3 Y            i  1 Ysc            +         e  12            e  23            e  31            e  1 Ysc              



(11)






    T e   =  1   ω m       i   1 Y     e  12    +  i   2 Y     e  23    +  i   3 Y     e  31    +  i   1 Ysc      e   1 Ysc         



(12)





The line-to-line back-EMF voltages in Equations (11) and (12) are defined as follows:


         e  12           e  23           e  31          =        e  1 Y    −  e   2 Y            e  2 Y    −  e  3 Y           e  3 Y    −  e   1 Y            



(13)







The motor parameters in Equation (11) are determined by the following relationships:


          R  11         R  12         R  13           R  21         R  22         R  23           R  31         R  32         R  33          =   K  Y    R  Y     ;          L  11         L  12         L  13           L  21         L  22         L  23           L  31         L  32         L  33          =   K  Y    L   YY      ;          L   1 sc            L   2 sc            L   3 sc           =   K  Y    L   Ysc      ;           L   sc 1          L   sc 2          L   sc 3           =          L   1 sc            L   2 sc            L   3 sc            T    



(14)







The elimination of the equation of the shorted circuit of the given winding from Equations (11) and (12) along with the adjustment of the value of equation coefficients allows obtaining equations for the special case, i.e., a Y configuration without a partial short-circuit in the first phase.





4. Discussion Comparative Analysis, Simulations and Experimental Verifications


All numerical and laboratory tests were conducted in the steady state at 500 rpm. The supply voltage was modified according to the voltage constants KE of particular configurations (Table 3). In the case of laboratory tests, the value of the load torque was modified in order to obtain the required operating point (500 rpm). For the analysed short circuit condition (SC1, SC2), 25% (Nsc = 30, Nph = 120) of the Ph1 winding was shorted.



4.1. Y-Star Configuration, Transient Analysis at Healthy Mode and under Short-Circuit Fault


4.1.1. Waveforms of Electromagnetic Torque and Currents


The star configuration is the most commonly used winding connection type. Both numerical calculations as well as laboratory tests were performed for the star configuration. Under numerical tests, motor current and electromagnetic torque waveforms were calculated. Assuming that the rotational speed is constant, the SC1 switch was closed at a certain point in time (t = 20 ms). Figure 5a and Figure 6 present the results of the calculations. Figure 5b presents the results of the laboratory test.



Closing of the SC1 switch, as presented in Figure 2b, causes a partial short-circuit of the Ph1 circuit. Short-circuit current isc flows through the shorted section. The value of the short-circuit current isc depends on the induced voltage (BEMF) as well as the impedance of the shorted section. The said current achieves a fixed value at a certain rotational speed, at which the effect of the resistance of the shorted element is negligible. The partial short-circuit of the winding affects the current value of not just the faulty phase. This results from the reduction of the voltage constant of the faulty Ph1 phase.




4.1.2. Y-FFT of u0


Voltage waveform u0 was recorded for the analysed conditions (Figure 2a). The voltage signal u0 is a key diagnostic signal. Relevant harmonics occurring in the voltage signal were determined based on the frequency analysis (FFT) of the voltage signal u0. Frequency analysis of the voltage u0 diagnostic signal was performed for the determined operating point. Figure 7 presents the results of the numerical calculations and of the practical test of the condition of supply of the drive system (for symmetrical operation). The faulty operation condition was verified in numerical (Figure 8a) as well as laboratory (Figure 8b) conditions.



The analysis of the proposed diagnostic signal indicates that the partial short-circuit condition of a star winding configuration is manifested by a marked increase in the first harmonic of the diagnostic signal u0 (f1 = np/60 = 83.334 Hz). The laboratory results confirm the occurrence of the winding fault condition.





4.2. Delta Configuration, Transient Analysis at Healthy Mode and under Short-Circuit Fault


4.2.1. Waveforms of Electromagnetic Torque and Currents


The delta configuration of windings is successfully used in small drive systems intended for use in, e.g., unmanned aerial vehicles. The operating point of the tested motor was determined for the same rotational speed and at the same electromagnetic torque. Figure 9 and Figure 10 present the results of numerical and laboratory tests. Figure 9 illustrates the waveforms of the motor currents in the symmetry condition with a transition into the short-circuit condition labelled as SC2. Figure 10 presents the waveform of the electromagnetic torque obtained in the numerical conditions.



Figure 10 presents numerical tests illustrating the electromagnetic torque.



The analysis of the test results indicates a slightly lower sensitivity of the configuration to the analysed short-circuit case.




4.2.2. FFT of u0


Figure 11 presents the analysis of the diagnostic signal for the symmetrical operation condition. Figure 12 presents faulty operation tests allowing for numerical as well as practical calculations. Voltage waveform u0 was recorded for the analysed conditions (Figure 2a). Relevant harmonics occurring in the voltage signal were determined based on the frequency analysis (FFT).



Similarly to the star configuration, the fault condition is manifested by a marked increase of the first harmonic and of selected factors. This is typical for a short-circuit condition.





4.3. Y△—Star-Delta Configuration, Transient Analysis at Healthy Mode and under Short-Circuit Fault


4.3.1. Waveforms of Electromagnetic Torque and Currents


The star-delta configuration is not typically used in practice. Its use is challenging because is necessary to adjust current loads of particular winding groups. In the analysed test, it was assumed that half of the groups would feature a delta configuration. In the case of four groups, two more configurations are possible, which were not analysed in this paper. Figure 13 and Figure 14 present the transition of the star-delta winding configuration from the symmetry condition to the short-circuit condition with the short-circuit occurring in the star section (Figure 14) and in the delta section (Figure 14).



Figure 15 presents the change in the generated electromagnetic torque throughout the analysed partial short-circuit cases at the time of transition from the symmetrical operation condition.



Comparing the calculation results (Figure 14a and Figure 15a) and the test results (Figure 14b and Figure 15b), differences in the shapes and values of the currents can be noticed. The tested prototype of the motor has electrical asymmetry (different winding resistances) and magnetic asymmetry caused by rotor eccentricity. The value of the current in the laboratory tests is limited by the short-circuit resistance. The partial short-circuit condition causes a marked torque ripple increase. However, if the short-circuit occurs in the delta section, the ripple increase is significantly higher.




4.3.2. Y△—FFT of u0


For the star-delta configuration, the content of the analysed harmonics of the diagnostic signal was determined. Figure 16, Figure 17 and Figure 18 present the results of numerical and laboratory calculations for the analysis of the content of the diagnostic signal in the symmetrical operation condition (Figure 16) and after the occurrence of SC1 (Figure 17) and SC2 (Figure 18) partial short-circuit conditions.



The analysis of the relevant harmonics content of the diagnostic signal shows that a partial short-circuit in the star section causes a larger increase in the first harmonic of the diagnostic signal. Comparing the harmonics obtained by calculations (Figure 16a, Figure 17a, and Figure 18a) and by measurement (Figure 16b, Figure 17b and Figure 18b) some differences can be noticed. The calculations were performed assuming electrical and magnetic symmetry. In experimental results, electrical asymmetry causes the appearance of first harmonic (for motor without SC). Differences in the shapes of induced voltages, switching times of the devices, additional resistance of the short-circuit and eccentricity of the rotor causes the appearance of additional even harmonics. It is visible even for experimental tests of the motor without damage. The fault states aggravate this problem due to, e.g., the intensification of the eccentricity effect of the rotor.






5. Comparative Analysis


Table 4 and Table 5 present selected parameters of the tested motor for the analysed operating point (500 rpm). Table 4 presents the results of the numerical calculations, while Table 5 presents the laboratory verification. In the laboratory conditions, motor vibration as well as noise levels were recorded.



The electromagnetic torque ripple was determined based on the following relation:


  σ =    T  e max   −  T  e min      T  e a v      



(15)







Based on the comparison of the results of the calculations and of the laboratory tests, it is clear that the short-circuit current is significantly lower in the laboratory conditions. Its decrease was caused by the value of the resistance introduced by the extrinsic shorting circuit. The tested motor is characterised by a single-pole resistance of 35 mΩ. The lowest vibration velocity value in the state of symmetrical operation was ensured by the mixed star-delta configuration. Once the fault condition has occurred, the highest rms value of vibration velocity was recorded for the mixed star-delta configuration.



Table 6 and Table 7 present the results of the analysis of the harmonic of the voltage diagnostic signal u0.



The analysis of the content of particular harmonics of the diagnostic signal indicates that both numerical and laboratory tests confirm the increase in the base frequency (f1) as well as its factors being odd numbers (5th, 7th, etc.). In the condition of electric and magnetic symmetry of the motor, the diagnostic signal contains virtually none of these frequencies (minimal values). In actual conditions, there is always a certain degree of electrical and magnetic asymmetry between particular phases of the motor. For this reason, the results of the laboratory tests indicate an approximately fourfold increase in the basic harmonic after the occurrence of the partial short-circuit condition (while an increase of several tenfold was recorded in the course of the numerical tests). The introduction of additional resistance by means of the shorting circuit also limited the increase of the characteristic frequencies in the diagnostic signal. At the same time, the diagnostic signal is independent of the analysed configuration. In each of the analysed winding configurations, there was always an increase in the amplitude of the base frequency, the 5th, the 11th, the 17th.




6. Conclusions


This paper analyses various partial short-circuit conditions of a permanent BLDC motor for three stator winding configurations: star, delta and mixed star-delta configuration. The tests demonstrated that regardless of the winding configuration type, frequency analysis of the proposed diagnostic signal in the form of the voltage of the so-called artificial neutral point detects partial short-circuit. To some degree, the effects of a partial short-circuit depend on the winding configuration type. However, in each case, a marked increase of the 1st, 5th or the 11th harmonic of the diagnostic signal indicated the occurrence of the partial short-circuit condition. This demonstrates the versatility of the proposed diagnostic method.



Further research will be focused on the analysis of the sensitivity of the proposed motor winding fault detection method. It should be noted that in laboratory conditions, the circuit shorting a given part of the winding introduced additional resistance measured in milliohms. This represented a few tens of percent of the parameter of the shorted winding section. This limited, considerably, the value of the current flowing in the shorted section of the winding. Moreover, it limited the effect the fault had and reduced the higher harmonics content of the diagnostic signal.
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Figure 1. A hybrid drive system featuring a BLDC motor. 
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Figure 2. The schematic diagram (a) of the power supply of the BLDC motor and of the winding configurations: (b) star (Y), (c) delta (Δ) and (d) mixed star-delta configuration (YΔ). 
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Figure 3. The static characteristics of the electromagnetic torque for the following configurations: (a) star, (b) delta, (c) mixed star-delta. 
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Figure 4. Induced voltages for particular configurations: (a) star, (b) delta, (c) star-delta. 
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Figure 5. Y configuration -waveforms of line currents, healthy to SC1 (a) numerical calculations, (b) laboratory tests. 
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Figure 6. Y configuration-waveforms of electromagnetic torque, healthy to SC1- numerical calculations. 
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Figure 7. Y configurations—FFT of neutral voltage—healthy: (a) numerical calculations, (b) measurement. 
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Figure 8. Y configurations—FFT of neutral voltage—SC: (a) numerical calculations, (b) measurement. 
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Figure 9. △ configuration—waveforms of line currents—healthy to SC2 (a) numerical calculations; (b) laboratory tests. 
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Figure 10. △ configuration—waveforms of electromagnetic torque delta—healthy to SC2. 
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Figure 11. △ configuration—FFT of neutral voltage—healthy: (a) numerical calculations, (b) measurement. 
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Figure 12. △ configuration—FFT of neutral voltage—SC2: (a) numerical calculations, (b) measurement. 
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Figure 13. Y△ configuration—waveforms of line currents—healthy to SC1: (a) numerical calculations, (b) laboratory tests. 
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Figure 14. Y△ configuration—waveforms of currents—healthy to SC2: (a) numerical calculations, (b) laboratory tests. 
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Figure 15. Y△ configuration—waveforms of electromagnetic torque (a) healthy to SC1, (b) healthy to SC2. 
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Figure 16. Y△ configurations—FFT of neutral voltage—healthy: (a) numerical calculations, (b) measurement. 
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Figure 17. Y△ configurations—FFT of neutral voltage—SC1: (a) numerical calculations, (b) measurement. 
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Figure 18. Y△ configurations—FFT of neutral voltage—SC2: (a) numerical calculations, (b) measurement. 
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Table 1. Selected parameters of motor for UAV application.






Table 1. Selected parameters of motor for UAV application.





	Parameter
	Value





	Rated voltage Udc
	52 VDC



	Rated torque TL
	4 N·m



	Rated speed n
	8000 rpm



	Winding configuration
	Delta



	Number of parallel winding group
	4



	Number of turns per phase Nph
	120



	Number of shorted turns Nsc
	30



	Resistance of stator pole Rb
	0.035 Ω



	Number of stator slots Ns
	24



	Number of poles p
	20



	Permanent magnet
	N48SH



	Type of rotor
	outrunner



	Air-gap δ
	0.45 mm



	Rotor diameter Dr
	102 mm



	Stator diameter Ds
	93.4 mm



	Active length lFe
	25 mm
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Table 2. Torque constant kT.
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	kT\Winding Configuration
	Y

[N⋅m/Arms]
	Δ

[N⋅m/Arms]
	YΔ

[N⋅m/Arms]





	Symmetry
	0.37
	0.21
	0.28



	SC1
	0.32
	-
	0.24



	SC2
	-
	0.15/0.19
	0.24/0.27
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Table 3. Voltage constant KE.
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KE\Winding Configuration

	
Y

	
Δ

	
YΔ




	
[Vrms⋅s/rad]

	
[Vrms⋅s/rad]

	
[Vrms⋅s/rad]






	
Symmetry

	
0.402

	
0.23

	
0.263




	
SC1-Ke12

	
0.35

	
-

	
0.255




	
SC1-Ke23

	
0.408

	
-

	
0.305




	
SC1-Ke31

	
0.353

	
-

	
0.253




	
SC2-Ke12

	
-

	
0.217

	
0.277




	
SC2-Ke23

	
-

	
0.221

	
0.297




	
SC2-Ke31

	
-

	
0.186

	
0.261
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Table 4. Selected motor parameters—numerical calculations.
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Parameter/Winding Configuration

	
Y

	
Δ

	
YΔ




	
Sym

	
SC1

	
Sym

	
SC2

	
Sym

	
SC1

	
SC2






	
TL [N·m]

	
2

	
1.96

	
2.01

	
1.97

	
2.02

	
2.31

	
1.74




	
σ [%]

	
34.2

	
92.9

	
28.9

	
72.1

	
29.2

	
68.8

	
140




	
I1RMS [A]

	
4.31

	
7.81

	
7.67

	
12.04

	
6.08

	
12.1

	
8.74




	
I2RMS [A]

	
4.31

	
6.49

	
7.67

	
12.54

	
6.08

	
9.98

	
7.52




	
I3RMS [A]

	
4.31

	
6.78

	
7.67

	
12.54

	
6.08

	
10.16

	
9.2




	
ISCRMS [A]

	
-

	
23.79

	
-

	
22.87

	
-

	
22.85

	
22.85




	
IDCav [A]

	
5.07

	
7.96

	
9.06

	
14.36

	
7

	
11.78

	
9.61
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Table 5. Selected motor parameters—laboratory tests.
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Parameter/Winding Configuration

	
Y

	
Δ

	
YΔ




	
Sym

	
SC1

	
Sym

	
SC2

	
Sym

	
SC1

	
SC2






	
Teav [N·m]

	
2

	
1.88

	
2

	
1.77

	
2

	
1.94

	
1.66




	
I1RMS [A]

	
4.78

	
5.92

	
8.98

	
10.19

	
6.3

	
8.9

	
6.99




	
I2RMS [A]

	
4.73

	
6

	
8.26

	
10.19

	
6.2

	
7.9

	
7.5




	
I3RMS [A]

	
4.68

	
5.96

	
8.16

	
10.4

	
6.3

	
8.1

	
7.3




	
ISCRMS [A]

	
-

	
11.8

	
-

	
11.63

	
-

	
10.6

	
11.69




	
vRMS[mm/s]

	
0.2

	
0.3

	
0.19

	
0.34

	
0.17

	
0.36

	
0.36




	
noisy [dB]

	
59.7

	
68.1

	
59.5

	
67.3

	
59

	
67.3

	
67.4
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Table 6. FFT of u0—numerical calculations.
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Harmonic/Winding Configuration

	
Y

	
Δ

	
YΔ




	
Sym

	
SC1

	
Sym

	
SC2

	
Sym

	
SC1

	
SC2






	
f1 [mV]

	
2.7

	
691

	
6.4

	
453

	
12.4

	
756

	
394




	
f3 [mV]

	
1493

	
1018

	
988

	
715

	
1266

	
1193

	
1013




	
f5 [mV]

	
3.3

	
283

	
8.9

	
188

	
10.9

	
331

	
221




	
f7 [mV]

	
3.4

	
300

	
9.8

	
239

	
11.3

	
276

	
272




	
f9 [mV]

	
7.06

	
1063

	
388

	
589

	
836

	
1132

	
989




	
f11 [mV]

	
3.6

	
264

	
7.1

	
157

	
6.5

	
328

	
167




	
f13 [mV]

	
2.3

	
238

	
10.1

	
205

	
11.1

	
178

	
221




	
f15 [mV]

	
858

	
1115

	
465

	
583

	
869

	
995

	
942




	
f17 [mV]

	
2.2

	
278

	
5.3

	
144

	
2.9

	
321

	
153
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Table 7. FFT of u0—laboratory tests.
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Harmonic/Winding Configuration

	
Y

	
Δ

	
YΔ




	
Sym

	
SC1

	
Sym

	
SC2

	
Sym

	
SC1

	
SC2






	
f1 [mV]

	
62

	
290

	
37

	
173

	
50.7

	
157

	
170




	
f3 [mV]

	
1004

	
827

	
718

	
599

	
723

	
613

	
647




	
f5 [mV]

	
37

	
149

	
16

	
120

	
40

	
251

	
236




	
f7 [mV]

	
37

	
197

	
19

	
40

	
54

	
114

	
91




	
f9 [mV]

	
372

	
182

	
196

	
125

	
251

	
129

	
75




	
f11 [mV]

	
90

	
283

	
32

	
196

	
55

	
333

	
340




	
f13 [mV]

	
48

	
226

	
30

	
85

	
75

	
406

	
72




	
f15 [mV]

	
324

	
125

	
184

	
51.2

	
175

	
92

	
68




	
f17 [mV]

	
104

	
227

	
38

	
144

	
44

	
108

	
124
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