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Abstract

:

This paper proposes a back electromotive force estimation error compensation method for accurate rotor position estimation of surface mounted permanent magnet synchronous motors. When estimating the rotor position of surface mounted permanent magnet synchronous motor sensorless drives, a direct current offset error component occurs in the voltage sensor. As a result, the rotor position is distorted and the sensorless control in surface mounted permanent magnet synchronous motor is degraded. In addition, the dq-axis voltages in the synchronous reference frame have the direct current offset error component, ripples compared with the motor frequency under the distorted rotor position. In this paper, the effects of the direct current offset errors are analyzed based on the synchronous reference frame phase locked loop. To remove this direct current offset error component, a d-axis voltage is converted into a synchronous reference frame again to compensate. In other words, it is a dual synchronous coordinate conversion compensation method. The compensator utilizes a proportional-integral controller that compensates by estimating the direct current offset error component. The proposed method is useful for the improvement of surface mounted permanent magnet synchronous motor sensorless control and operating performance. The effectiveness of the proposed algorithm is verified through PSIM simulation and experimental results.
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1. Introduction


Permanent magnet synchronous motors (PMSMs) have advantages such as high torque density and efficiency, robust structure, low inertia efficiency compared with output torque and excellent control performance. Recently, the decreasing cost of permanent magnets has made them attractive as alternatives to the existing direct current motors and induction motors in many industrial applications, and they are used in various industries. Generally, a PMSM performs vector control based on current control, and rotor position information is essential to perform vector control, however, the encoders and resolvers used to acquire the position information of the rotor are not used because they increase system cost, volume, mechanical attachment and impair system reliability. Among the various applications, sensorless control is preferred for fan and pump products [1,2,3], and for this reason, sensorless methods for driving PMSMs are an active research topic [3,4,5,6,7,8,9,10]. The sensorless methods can be roughly divided into back electromotive force (back-EMF) estimation- based methods [3,4,5,6,7,8] and methods based on inductance changes according to the rotor position [9,10]. generally, the back-EMF based methods estimate the back-EMF using the stator voltages and motor currents without requiring any additional high frequency signal injection and the inductance-based methods estimate the inductance value through an external signal injection. However, sensorless control methods based on the inductance can be applied to the interior type PMSM (IPMSM) in which the inductance varies depending on the position, but they are not applicable to surface mounted type PMSMs (SPMSMs) in which the inductance value is constant depending on the position. However, the SPMSM is usable regardless of the polarity, has no noise and the advantage of not using additional external voltage injection. Therefore, this paper is focused on the back-EMF-based sensorless control method of SPMSM.



When using the sensorless control method based on the back-EMF estimation, the back-EMF information is measured by the voltage sensor of the system after passing the digital controller signal through a low pass filter (LPF) and analog to digital conversion (ADC). In this process, back-EMF measurement errors can occur due to the nonlinearity of the voltage sensor, the thermal variation of the analog electric device, and ADC quantization errors [11,12,13,14]. At this time, the main component of any occurring nonlinear errors is the direct current (DC) offset error, and when this DC offset error component occurs, it causes a pulsation in the synchronous coordinate system d axis voltage. Therefore, a distortion occurs in following the position of the rotor, and the sensorless control and operation performance of the SPMSM are degraded.



Recently, some compensation methods for reducing the pulsation of the synchronous coordinate system dq-axis caused by the DC offset error component have been studied [15,16,17]. However, the compensator method proposed in [15] requires precise mechanical parameters. Any inaccurate determination may cause an instability problem. The algorithm in [16] requires complex procedures to minimize the periodic torque ripple resulting from current measurement errors. It needs a memory to store the controller output data and Fourier series expansion to analyze the harmonics that are present in the stored data. The approach of [17] utilizes an integral output of the d-axis current controller to compensate for undesirable periodic speed oscillations. The performance heavily depends on the accuracy of feedforward back-EMF voltage in the current controller and the controller bandwidth. In addition, it has the disadvantage that the convergence rate is quite slow [18].



In this paper we propose a compensation algorithm to remove the DC offset error component generated by the voltage sensor during the rotor position estimation for precise rotor position estimation. The proposed compensation algorithm compensates by estimating the DC offset error component using a proportional-integral (PI) controller after analyzing the synchronous d-axis voltage, including the DC offset error component. To verify the proposed method, the compensation algorithm used to remove the DC offset error component was subjected to a theoretical analysis and the validity of the proposed method was verified by simulation using PSIM and experiments using a 20 W SPMSM.




2. System Modeling


2.1. Back-EMF-Based Sensorless Method [4,5]


The functional elements of the back-EMF based sensorless methods include a back-EMF estimator, a position error estimator and speed estimator (Figure 1). As shown in Figure 1, the back-EMF estimator makes use of the stator command voltage (    v *    ), stator currents (  i  ), and a mathematical model of the SPMSM to derive the back-EMF signals. In Figure 1 the position error estimator calculates the rotor position or position error using the estimated back-EMF information. In Figure 1 the speed estimator estimates the position and speed of the rotor to be used in the controller based on the position information calculated in position error estimator.



The rotor speed and position are observed from the estimated back-EMF signals by means of another estimator such as a phase-locked-loop (PLL) type estimator or a Luenberger type state filter. Because the rotor speed and position are observed from the estimated back-EMF signals, the accuracy of the back-EMF estimator has a direct influence on the performance of the sensorless drive, therefore, accurate back-EMF estimation is very important for sensorless control of SPMSMs.



Figure 2 shows a space vector diagram for a SPMSM [4]. The    α − β    and    d − q    frames represent the stationary and the rotor reference frames, respectively. The   α   axis corresponds to the magnetic axis of the   a   phase and the d axis is aligned with the direction of the N pole of the rotor. The     d ^  −  q ^     frame is an estimated frame used in sensorless vector control using the rotor reference frame.     θ r     and      θ ^  r     are the actual and estimated rotor positions, respectively.



The phase-voltage equation of the three-phase SPMSM is expressed as Equation (1):


       v a    =    R a   i a    +    L a    d  i a    d t     +    e a       v b    =    R b   i b    +    L b    d  i b    d t     +    e b       v c    =    R c   i c    +    L c    d  i c    d t     +    e c     ,   



(1)




where     v a  ,    v b  ,    v c     are phase stator voltages,     R a  ,    R b  ,    R c     are stator winding resistance,     i a  ,    i b  ,    i c     are phase stator current,     L a  ,    L b  ,    L c     are phase stator inductance, and     e a  ,    e b  ,    e c     are phase back-EMF:


    e  a b c   =   d  λ  a b c     d t   = N   d  ϕ  a b c     d t   ,   



(2)




where     λ  a b c      is flux linkage, N is number of turns,     ϕ  a b c      is flux. The flux linkage has rotor position information of the SPMSM as a function of position.



Since the back-EMF contains the SPMSM rotor position information, the accurate back-EMF estimation is an essential element for the sensorless control of the SPMSM. The back-EMF was estimated in Figure 1. It can be calculated as (2) by substituting Equation (1) into the equation for back-EMF. Figure 3 shows the back-EMF, speed, and position estimator block diagram.


       e a    =    v a  −    R a   i a    −    L a    d  i a    d t        e b    =    v b  −  R b   i b    −    L b    d  i b    d t        e c    =    v c  −  R c   i c    −    L c    d  i c    d t      ,   



(3)








2.2. Effect of DC Offset Error


Figure 4 represents the error factors in the voltage measurement path. Typically, the measured back-EMF is digitalized through matching circuits including voltage sensor, low pass filter, and A/D converter. As a result, a DC offset error may be generated from the voltage sensor itself because of sensor errors, the thermal variation of the analog electric device and the quantization error of the A/D converter [11,12,13,14].



The accurate detection of back-EMF in any sensorless method for SPMSMs is necessary. However, if the DC offset is contained in the measured back-EMF, the synchronous d-q axis voltage will be included in the AC component when the voltage of the stationary reference frame is converted to synchronous coordination in the PLL. The rotor position is estimated by controlling the synchronous d-axis voltage constantly. However, if the d-axis voltage is included DC offset, the rotor position estimation is distorted by the error.



In this paper, only two voltage sensors are used to measure the two-phase line-to-line back-EMF. Therefore, in order to obtain information on the three phases back-EMF, the two line to line back-EMFs are calculated by converting the three phases back-EMFs.



The line-to-line back-EMF including the DC offset error component generated in the measurement process can be expressed as Equation (4):


       e  a b   = −  e m  cos (  ω r  t +   2 π  3  ) +  Δ  o f f   =  1 2   e m  cos  ω r  t +    3   2   e m  sin  ω r  t +  Δ  o f f        e  b c   = −  e m  cos  ω r  t +  Δ  o f f      ,   



(4)




where,     e m     is the back-EMF peak value,     ω r  t    is a rotor position, and     Δ  o f f      is DC offset error component.



When the two-phase back-EMF including the DC offset error component is converted into the three-phase back-EMF, it can be expressed as Equation (5):


       e a  =  1 3   e  b c   +  2 3   e  a b   =    3   3   e m  sin  ω r  t +  Δ  o f f        e b  =  1 3   e  b c   −  1 3   e  a b   = −  1 2   e m  cos  ω r  t −    3   6   e m  sin  ω r  t      e c  = −  1 3   e  a b   −  2 3   e  b c   =  1 2   e m  cos  ω r  t −    3   6   e m  sin  ω r  t −  Δ  o f f      ,   



(5)







Considering the aforementioned DC offset error component, the α-axis and β-axis voltages of the stationary reference frame in the PLL can be given by Equation (6):


    [       e  d s  s         e  q s  s       ]  =  [       e a         1   3    (  e b  −  e c  )      ]  =  [         3   3   e m  sin  ω r  t +  Δ  o f f         −    3   3   e m  cos  ω r  t +    3   3   Δ  o f f        ]  ,   



(6)







In order to obtain the estimated rotor position and frequency, the stationary dq-axis voltages are transformed by using the αβ to dq transformation matrix. The transformation matrix is given by Equation (7):


   T (   θ ^  r  ) =  [      cos   θ ^  r      sin   θ ^  r        − sin   θ ^  r      cos   θ ^  r       ]  ,   



(7)




where      θ ^  r     is the estimated rotor position.



Therefore, using the Equations (6) and (7), the synchronous dq-axis voltage,     e  d s  e  ,        e  q s  e     can be expressed by Equation (8):


       [       e  d s  e         e  q s  e       ]    =  [      cos   θ ^  r      sin   θ ^  r        − sin   θ ^  r      cos   θ ^  r       ]   [       e  d s  s         e  q s  s       ]       =  [      cos   θ ^  r      sin   θ ^  r        − sin   θ ^  r      cos   θ ^  r       ]   [         3   3   e m  sin  ω r  t +  Δ  o f f         −    3   3   e m  cos  ω r  t +    3   3   Δ  o f f        ]     ,   



(8)







For getting the estimated rotor position and frequency, the synchronous d-axis voltage has to be converged to zero. However, it may not be possible to converge the synchronous d-axis voltage to zero due to the DC offset error     Δ  o f f     .



From Equation (8), the synchronous dq-axis voltages including the DC offset error component can be calculated by Equation (9):


       [       e  d s  e         e  q s  e       ]    =  [         3   3   e m  sin  θ r  cos   θ ^  r  +  Δ  o f f   cos   θ ^  r  −    3   3   e m  sin  θ r  sin   θ ^  r  +    3   3   Δ  o f f   sin   θ ^  r        −    3   3   e m  sin  θ r  sin   θ ^  r  −  Δ  o f f   sin   θ ^  r  −    3   3   e m  cos  θ r  cos   θ ^  r  +    3   3   Δ  o f f   cos   θ ^  r       ]       =  [         3   3   e m  sin (  θ r  −   θ ^  r  ) +  Δ  o f f    e m  cos   θ ^  r  +    3   3   Δ  o f f    e m  sin   θ ^  r        −    3   3   e m  cos (  θ r  −   θ ^  r  ) +    3   3   Δ  o f f    e m  cos   θ ^  r  −  Δ  o f f    e m  sin   θ ^  r       ]     ,   



(9)




where      θ ^  r  =  ω r  t    is the real rotor position.



If the difference between the real rotor position and the estimated rotor position    (  θ r  −   θ ^  r  )    is too small, the synchronous dq-axis voltages can be rewritten using Equation (10):


    [       e  d s  e         e  q s  e       ]  =  [       Δ  o f f   cos   θ ^  r  +    3   3   Δ  o f f   sin   θ ^  r        −  Δ  o f f   sin   θ ^  r  +    3   3   Δ  o f f   cos   θ ^  r  −    3   3   e m       ]  ,   



(10)




where     θ r  −   θ ^  r  ≈ 0   ,    ∴  θ  e r r   ≈ 0   .



Therefore, the error value of the converted synchronous dq-axis voltage can confirm that it has a component of the sine and cosine term. Also, the ripple frequency should have the same frequency of the motor rotation frequency.



In this paper, only the d-axis voltage of the dq-axis voltage is considered to reduce the distortion of the estimated rotor position and frequency because the d-axis voltage is related to the phase and period of the voltage, and the q-axis voltage is related to the magnitude of the voltage. In other words, the d-axis voltage is related to the estimation of the rotor position.





3. The Proposed DC Offset Error Compensation Method


The DC offset of synchronous d-axis voltage causes a distorted rotor position in the PLL system. The frequency component of the synchronous d-axis voltage is same as the motor rotation frequency, therefore, the proposed method compensates the DC offset error by reducing the ripple component of the synchronous d-axis voltage in a PLL.



From Equation (10), the synchronous d-axis voltage including the DC offset error     e  d s  e     is composed of the sine and cosine term. Therefore, the DC offset error value is estimated by using the     e  d s  e    , The     α  e r r      is set by Equation (11):


    α  e r r   =  e  d s  e  ,   



(11)




where,     α  e r r      is sinusoidal wave caused by the DC offset error.



The two axes of the     α  e r r     ,     β  e r r      are required for the synchronous coordinated conversion. Thus, the virtual voltage     β  e r r      is delayed by 90° from the     α  e r r      and it can be determined by using the digital all pass filter (APF). The stationary     α  e r r     ,     β  e r r      can be calculated by Equation (12):


    [       α  e r r          β  e r r        ]  =  [       Δ  o f f   cos   θ ^  r  +    3   3   Δ  o f f   sin   θ ^  r         Δ  o f f   sin   θ ^  r  −    3   3   Δ  o f f   cos   θ ^  r       ]  ,   



(12)







Equation (12) is converted into the synchronous coordinate system using Equation (6), and it can be calculated as Equation (13). The d-axis voltage of Equation (12) has the value of     Δ  o f f      and the q-axis voltage has the value of    −    3   3   Δ  o f f     :


       [       e  d s _ e r r  e         e  q s _ e r r  e       ]    =  [      cos   θ ^  r      sin   θ ^  r        − sin   θ ^  r      cos   θ ^  r       ]   [       α  e r r          β  e r r        ]       =  [      cos   θ ^  r      sin   θ ^  r        − sin   θ ^  r      cos   θ ^  r       ]   [       Δ  o f f   cos   θ ^  r  +    3   3   Δ  o f f   sin   θ ^  r           3   3   Δ  o f f   cos   θ ^  r  −  Δ  o f f   sin   θ ^  r       ]  =  [       Δ  o f f         −    3   3   Δ  o f f        ]     ,   



(13)







The values of the d-axis and the q-axis are subtracted to increase the scaling of estimated DC offset error component as shown in Equation (14), because it follows the estimated DC offset error value quickly through the PI controller.



The difference     Δ  t o t a l   o f f      between     Δ  o f f      and    −    3   3   Δ  o f f      can be obtained as follows:


    Δ  t o t a l   o f f   =  Δ  o f f   − ( −    3   3   Δ  o f f   ) =   3 +  3   3   Δ  o f f   ,   



(14)







Figure 5 shows a block diagram of the PI controller to estimate      Δ ^   o f f     . Generally, a PI controller is a widely used industrial controller which uses a linear combination of proportional and integral action on the error to form the output of the controller. However, it has drawbacks that compromise its performance in terms of system response speed and stability [19,20]. Even though it does not have a high dynamic capability,     Δ  t o t a l   o f f      has a linear component in the proposed method, so it can be estimated with a simple PI controller. Also, the PI controller makes the steady state error zero. The relevant deduction is provided in Appendix A.



The algorithm of the proposed DC offset error compensator consists of two parts as shown in Figure 6. The first part is the dq-axis coordinated transformation system used for estimating the DC offset error. In the second part, the error between the estimated DC offset error component and the estimated value is removed by using the PI controller. In addition, the output of the proposed PI controller is updated to get the constant of the exact DC offset error value in real time.




4. Simulation


The simulation was performed using PSIM simulator, and the control circuit was constructed using a SPMSM model and C-block. The SPMSM model used 4-pole, 3000 r/min, and 20 W capacity model. Figure 7 shows the simulation waveform with the DC offset error component applied to the line to line voltage in rated speed (    ω r     = 3000 r/min).



A 0.6 V DC offset error (2% of rated voltage; the reason why this DC offset error value was used is explained in Section 5: Experimental Results) is applied to the line to line voltage at 0.3 s, and as a result, the estimated rotor position is distorted and pulsation of the same frequency as the motor rotation frequency of 100 Hz occurs in the d axis voltage of the synchronous coordinate system.



Figure 8, Figure 9 and Figure 10 show DC offset error component compensation characteristic waveforms at 1500 r/min, 2250 r/min and 3000 r/min respectively. As mentioned above, The 0.6 V DC offset error is applied to the line to line voltage at 0.3 s. As a result, it is verified that the DC offset error component is well compensated.



Figure 11 shows the dynamic characteristics of the proposed algorithm according to the variation of the DC offset error component. When a 0.6 V (2% of rated voltage) DC offset error in the line to line back-EMF is applied at 0.1 s, the serious pulsation generated in maintained in the constant synchronous d-axis voltage. The proposed algorithm immediately started the DC offset error compensation in real time at 0.15 s. The DC offset error value is changed to 1.2 V (4% of rated voltage) at 0.2 s. Finally, the DC offset error value is reduced to 0.3 V (1% of rated voltage) at 0.25 s. Since the compensation is performed even if the DC offset error component is applied, the pulsation of the d axis voltage of the synchronous coordinate system is immediately eliminated and a stable value is maintained. It can also be confirmed that the real-time compensation characteristics are excellent, even if the magnitude of the DC offset error component varies.




5. Experimental Results


The proposed DC offset error compensation method was verified on a 50 W class sensorless drive and a 20 W SPMSM with dynamo set. This sensorless motor drive is designed based on the 32-bit TMS320F28335 digital signal processor (DSP) control system operating at 10 kHz. Analog signals are converted to digital values by 12-bit A/D converters and all internal data of the DSP can be displayed on an oscilloscope through a 12-bit D/A converter. SPMSM parameters are shown in Table 1 as described above. Figure 12 shows the motor performance experiment using the dynamo set.



Since the range of voltage input is −30–30 V, the voltage value per on least significant bit (LSB) of the A/D converter is 14.6 mV. The range of offset errors on the DSP datasheet is −15–15 LSB, which corresponds to 0.73% of 30 V. However, the effect of the thermal drift of analog devices and the offset errors of op-amp and voltage sensor are considered. Therefore, in this experiment, the offset error was injected 0.6 V, 2% of the rated voltage.



Figure 13a,b shows he waveforms obtained when the motor rotates at 1500 r/min. Figure 13a shows the waveform when the proposed method is not applied. Figure 13b shows the waveform of real-time compensation applying the proposed method (neither artificially injected DC offset error component). As a result of the comparison, it can be inferred that the DC offset error component generated in the sensor and the ADC converter process is about 0.6 V. Also, it can be seen that the d-axis voltage converges to zero exactly due to the proposed method.



Figure 14 and Figure 15 show the result waveforms when the motor rotates at 2250 r/min and 3000 r/min, respectively. Even if the speed changes, it is verified that the proposed method is equally well compensated.



Figure 16 shows the real-time dynamic characteristics of the DC offset error component by applying 0.6 V to the portion (a), 1.2 V to the portion (b), and 0.3 V to the portion (c).



Figure 17, Figure 18 and Figure 19 are enlargements of each portion in Figure 16 (a–c). Figure 17 shows that the time of compensation is 200 ms. Figure 18 shows that the time of compensation is 320 ms. Figure 19 shows that the time of compensation is 380 ms.



Although The DC offset error value is changed, the pulsation of the synchronous d-axis voltage is quickly eliminated because the DC offset error value is immediately estimated. In other words, the proposed method verified that the real-time compensation characteristic is excellent even when there is a change in the DC offset error value.



Finally, the conventional method in [17,18,19] was compared with the proposed method. Fundamentally, the purpose of control is different. However, the performance comparison seemed to be equivalent in that it compensates for the error component. In addition, it is difficult to comment whether either the conventional method or proposed method showed better performance under injected error conditions. However, the proposed simple control method showed a better dynamic performance without the use of high mathematical knowledge, and did not cause any steady-state error; this is shown previous plots (Figure 11).




6. Conclusions


In this paper we propose a method to estimate the exact rotor position by compensating the DC offset error component generated by the A/D converter, op-amp and voltage sensor when estimating the rotor position of a SPMSM sensorless drive. The effect of the DC offset error component on sensorless control of SPMSM was theoretically analyzed and the DC offset error component was compensated by using the proposed algorithm. Through the PSIM simulation, the accurate rotor position estimation of the SPMSM after DC offset compensation was confirmed, and the proposed method was verified through a motor performance test using a 50 W class sensorless motor drive and 20 W SPMSM. In addition, the proposed method has the advantage of being configurable without any additional hardware, and the simplicity of the control method which can be tuned in a short time without the use of high mathematical knowledge. Moreover, it was experimentally demonstrated that the proposed method can improve SPMSM operation performance and sensorless control.



This paper is an analysis of the sensorless drive of SPMSM using the back-EMF. Therefore, the results of this paper cannot be applied to the IPMSMs that follow the rotor position by using inductance variation.
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Appendix A


Figure A1 shows the block diagram of the overall control system of the motor. In this figure,    R ( s )    is the input,    C ( s )    is the output,     G c  ( s )    is the PI controller,    G ( s )    is the motor transfer function,     G  O L   ( s ) =  G c  ( s ) ⋅ G ( s )   ,     K P  ,    K i     are the proportional gain and integral gain of the PI controller,   J   is the friction coefficient and   B   is the inertia coefficient.
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Figure A1. Block diagram of the overall control system of the motor. 






Figure A1. Block diagram of the overall control system of the motor.
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The     G c  ( s )    (PI controller) is expressed as Equation (A1). It is a controller with a pole    s = 0   , zero    s = −  z c     as     G c  ( s ) =   K ( s +  z c  )  s    L


    G c  ( s ) =  K P  +    K i   s  =    K P  ( s +    K i     K P    )  s  ≜   K ( s +  z c  )  s  ,   



(A1)




where    K ≜  K P  ,    z c  ≜    K i     K P      .



The     G  O L   ( s )    is expressed as Equation (A2):


    G  O L   ( s ) =  G c  ( s ) ⋅ G ( s ) =   K ( s +  z c  )  s  ⋅ G ( s ) ,   



(A2)







The error constant (    K P    ) of steady state response is expressed as Equation (A3):


    K P  =   lim   s → 0    G  O L   ( s ) =   lim   s → 0     K ( s +  z c  )  s  ⋅ G ( s ) =   K ⋅  z c  ⋅ G ( 0 )  0  = ∞ ,   



(A3)







Therefore, the steady state error can be set to zero as shown in Equation (A4):


    e P  ( ∞ ) =  1  1 +  K P    =  1  1 + ∞   = 0 ,   



(A4)
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Figure 1. Back-EMF based sensorless method system configuration. 
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Figure 2. Space vector diagram of SPMSM. 
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Figure 3. Block diagram of back-EMF, speed and position estimator. 
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Figure 4. The back-EMF measurement path. 
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Figure 5. Block diagram of the PI controller to estimate      Δ ^   o f f     . 
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Figure 6. Proposed rotor position estimation algorithm block diagram. 
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Figure 7. Waveform during injecting the 0.6 V DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous d-axis voltage (c) Estimated rotor position (d) Enlarged of the portion in (c) (Operating condition:     ω r     = 3000 r/min). 
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Figure 8. Waveform during injecting the 0.6 V DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous d-axis voltage (c) Estimated rotor position (d) DC offset component and compensation value (Operating condition:     ω r     = 1500 r/min). 
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Figure 9. Waveform during injecting the 0.6 V DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous d-axis voltage (c) Estimated rotor position (d) DC offset component and compensation value (Operating condition:     ω r     = 2250 r/min). 






Figure 9. Waveform during injecting the 0.6 V DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous d-axis voltage (c) Estimated rotor position (d) DC offset component and compensation value (Operating condition:     ω r     = 2250 r/min).
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Figure 10. Waveform during injecting the 0.6 V DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous d-axis voltage (c) Estimated rotor position (d) DC offset component and compensation value (Operating condition:     ω r     = 3000 r/min). 






Figure 10. Waveform during injecting the 0.6 V DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous d-axis voltage (c) Estimated rotor position (d) DC offset component and compensation value (Operating condition:     ω r     = 3000 r/min).
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Figure 11. Waveform according to changing the DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous frame d-axis voltage (c) Estimated rotor position (d) DC offset component and compensation value. 






Figure 11. Waveform according to changing the DC offset (a) Line to line voltages     e  a b   ,  e  b c      (b) Synchronous frame d-axis voltage (c) Estimated rotor position (d) DC offset component and compensation value.



[image: Energies 10 01160 g011]







[image: Energies 10 01160 g012 550] 





Figure 12. Experimental of SPMSM drive set up. 
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Figure 13. (a) Waveform of the not applied proposed method (b) Waveform of the applied proposed method (Operating condition:     ω r     = 1500 r/min). 
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Figure 14. (a) Waveform of the not applied proposed method (b) Waveform of the applied proposed method (Operating condition:     ω r     = 2250 r/min). 
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Figure 15. (a) Waveform of the not applied proposed method (b) Waveform of the applied proposed method (Operating condition:     ω r     = 3000 r/min). 
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Figure 16. Experimental results according to changing the DC offset error (Operating condition:     ω r     = 3000 r/min). 
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Figure 17. Enlargement of the portion in Figure 16a. 
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Figure 18. Enlargement of the portion in Figure 16b. 
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Figure 19. Enlargement of the portion in Figure 16c. 
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Table 1. The properties of a SPMSM parameters.
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	Quantity
	Symbol
	Value





	Rated voltage
	V
	30 V



	Rated current
	I
	1.4 A



	Rated speed
	    ω r    
	3000 r/min



	Maximum speed
	    ω m    
	3500 r/min



	Stator resistance
	    R s    
	0.9 Ω



	Stator inductance
	L
	1.35 mH



	Number of pole
	P
	4











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
ot Y Y
Proposed algorithm Cul
w7k i”
Cle
fan PP Ve
RM: A
g .
) S—
B\ i
dg

SPisw





media/file4.png
Back-EMF
Estimator

Jo

Position
error
Estimator

E

Speed,
Position
Estimator






media/file30.png
; eab > ebc
[v]
0
2
o || € S\
0
A 75[Hz]
2z
[rad]
r
0 10[msec]
<—>
0 [sec] 0.1

(@)

[rad]

0

10[mséc1

€—>
[sec] 0.1
(b)





media/file39.jpg





media/file18.png
(a)

(b)

(c)

(d)

%
0 / eab! ebC \ J N XS SN N NN L N L NN
~1ﬁ/\X/\‘X/\X/\X/\X A A
1 D-axis Voltage (V)
05
0 SRR
25 e
N
Estimated rotor position
B
(NS P~ ssees . N . A sssssss
| 6, N\ yd yd / /| /] /. /
N lV/ J NSNS S
0
DC offset component and compensation value
-~ AnFF —
g: BOff it s
N -
02 04 0% 0% 03 12 0 0%

Line to line Voltage (V)






media/file35.jpg





media/file21.jpg
Line to line Voltage (V)

2y
H|

(@

gt

eabv €hc

D-axis Voltage (V)

eg
um[ G W
4l

Estimated rotor position

=
(c)Az,Br\/V
'

DC offset component and compensation value

uf 7
(d) ::t Dog i

g

|

] w

] w

]






media/file26.png
M
Oscilloscope






media/file27.jpg





media/file3.jpg
Position
Back-emF | €, a,
. error >
Estimator .
Estimator

Speed,
Position
Estimator

!

!

<X






media/file22.png
Line to line Voltage (V)

@ €abr€vc NN A AAY

[ANY LAY LAY

hwwwwwwwwwwwwwwv

D-axis Voltage (V)

e
eS
o Lodey N\ ook
p VERVERVIRVARY . 4
1
: Estimated rotor position
oA
@M$////////// """"
DC offset component and compensation value
u.s
yAapf:
(d) u 4 Aoff \ f/
12 04 V% 02 03 02 0






media/file19.jpg
(@)

(®)

©)

@

Line to line Voltage (V)

AF
5
.| €abs€bc
%
HYVAYY)
D-axis Voltage (V)

gt
i €ge. Hz,
! ~—
5
:
) Estimated rotor position
g
J Or
!
'

DC offset component and compensation value
N
] B
R (
T

] ] ) ) w ]
Ty





media/file7.jpg
Back-EMF estimator

/]
(i a






media/file28.png
A S0[Hz]

10[msecj 10[msec]
<—> <—>
0 [sec] 0.1 [sec] 0.1

(a) (b)





media/file10.png
Back-EMF Voltage Sensor Low Pass Filter A/D Converter |

AN :

eab,bc

|
L e b DSP

l

|

~l— LPF
7

DC offset and DC offset and DC offset, quantization|  Digital Data

scaling errors itself scaling errorsin error and nonlinearity |

analog devices ~ €ITOr |





media/file40.png
eab’ ebc
10 J
o | i R
A o IIIHH (T
23 eds\ _ 380[mseq]

LN e
l it Ll
O - reewreewiy o a2t e o il et id dands 0 2000 b dbdanninnd Lot n a0 b 0t btan 2 leatemen Y ( MLt \'”' } } ..",v‘.' b A o L e 4
) AL WO 4 i 12 kol
..... v v » TG A A A A R

97'\
27T =

(c)

el 0 n e a A

[rad]

111200 [msec]
—

[sec] 5





media/file33.jpg
[Ey]] Cim 1 ]

0 i S i Feu o 5 S ———

0N L






media/file32.png
LT
=
L]

: AR "mmwmn

<>

| | <—>1
7 100[Hz] ~
) ' | 27 '
"N ) ’ ‘ n ‘ ‘

[rad] 1 ! F 4 _ ' . [rad) | J /

oAy r vy ¥ ¥ ¥ ¥ 10mse] 0 ‘ | L/
| O 0.1

(a)

[[[[[ 0.1 [sec]

(b)






media/file14.png
€ A
lds Vdg ff 91’

ie* 0 _l 7 Limiter N Ve VS V*
2O [ A O da e B e S
* Limiter v e VS Vlis ‘ “ ‘

a + S PI n g " "
r - _>7| s a, a,b,c[— | SVYPWM 1
) " SPMSM
e 7 7
a)’” Vqs_ﬂ
e e
Proposed algorithm ab bc
2 Back-EMF
Hr A EstimatorJ
ee es e Of
) - ds <Bla, e ala,b,c ):
er Speed, ) dq h ﬁ h D \“ +
Position e —
Estimator
a)}" Pa—
Aoﬂ

A






media/file11.jpg
& l— K, ‘I
. +i ~
Amta/aﬂ —_O N § +_O ’A





media/file6.png





media/file36.png
€p> €pe (a)

a

Ef-’]] T

F) s
e
[v] \ < >
| ! il Y , { , - | |
O o -n_l_d_._-;_uj,_h._hui.o—--.l_.n,o,,np-.n{_ Lol d s b aam asim L b g |n_Ll|‘_ |J-.q_ dmhilisd )| ‘+ “h:{‘l"; J '”_‘,',‘,',','\'.""','.‘.".\'.'.'f\ Lo bl sl -..!..t"s\ ._._.Ju_hh,'-‘p\ s al 1
) bbb it no Ty N (] 'é'”,'h I ‘ : . “._"'.' CT L P Ot R T T T TR R LW T T T IRTTIV I | IR TRC Py PR P R aa ey 1)
| LR LA

......................................

27T =

[rad]

200[msec]

0o —
L —

0 [sec] -





media/file15.jpg
Line to line Voltage (V)

@

s A G





media/file37.jpg
200(msecl

0 [sec]






nav.xhtml


  energies-10-01160


  
    		
      energies-10-01160
    


  




  





media/file16.png
Line to line Voltage (V)

il WV\VWWW\
I

(d)

0.235 0.255s 0.345 0.365s





media/file2.png
G, (s)

e e e e e c— — — — — —

1
Js+ B

_—e, e — — — | — —






media/file20.png
(a)

(b)

(c)

(d)

Line to line Voltage (V)

D-axis Voltage (V)

ecgw A
NG WO W2 L W N
(VAR WA AR
: Estimated rotor position
by é
YT
N D-/ AL NSNS NSNS S NS
0
DC offset component and compensation value
A Aogy 7
LS .f
12 04 1% 04 03 12 0 0%

Time (s)





media/file23.jpg
Line to line Voltage (V)

D-axis Voltage (V)

3
slegs |
® J\
“ |

Estimated rotor position

e o

n ® [
Tl





media/file5.jpg





media/file24.png
Line to line Voltage (V)
CANCAA AN AN AN AN AR A AN AR AACAA AN AR AN AN AR AR

RANAANAANAARAANA AWARNA ANARNAANA RN,
LALLALA LA A A A A AL Y
CAMASAMAA LRV A YA AR

it

WALEA VAL AL

AAWARRAANAANAANAANAANA

WIREARIMAR MR NN AR AR IR HAR MR NN

e

VLA AL AL AL

ARNARSERNAR SRR NARNAR AR NAR AR NN N/

\

€abr €pc N

IHIRIEARIIR AR IR, N HARINARINAN I RAR HARI NN A

AARLAN AR AN AA LA AA AR AR AR AR AR AL AR AR L AR AR AR AR AR AALAR LA LA

INRRNARSRRNANNARNANNAR RN NAR NN NAR NAR AR

D-axis Voltage (V)

A A AN

AAVATANA

rae

ef

I
T ——

Estimated rotor position

pr—

/

VAVAYAvAVAVAV AV AV AV VAV AV RVAVAVAVAVAVAVAVAVAVAVAY,

| J

| ¥

DC offset component and compensation value

2

1

0
46

(a)

p VV.VV. VY. VV. VV. VV. VV. VV. VV. VY VV. VYV VV VV. VV YV VV.VV VV. VYV. VY VV VV VV VV

05

J I -

0

(b)

= e = o =

Aorr

S

Aoff

N

(d)

05

0%

015

Tine(s)





media/file29.jpg
i
i

ity

V10047001104

ey
yil i






media/file1.jpg





media/file31.jpg
74101001






media/file25.jpg
Oscilloscope
et

Current probe





media/file12.png
Alatal off

2

A |

+y

off





media/file9.jpg
Back-EMF i | Volage Sensor Low Pass Filter A/D Converter |
i i

i
eub,bc i D_' TW_'D _T 22
1

DC offset and DCoffsetand  DCoffset, quantization  Digital Data
scaling errors tself scaling errorsin ~ errorand nonlinearity |

analog devices  emor 1






media/file0.png





media/file38.png
|||||

|

(b)

l

gy

,,,,,,,,

!|||

320[msec]

l-n—ﬂ V) gy oy s

‘?a@'\\‘

el ant b hate b d o ol b iokh 2 and bl L Lad |

al

6’,.\

il'
““"“ | ‘”' .l“l!““”““'l““‘ i \ l bip ’ Iy!u ; 4
o[

IH

NN .'...'.'\fL SAUA LML AL
STRT

Ll dadleads

<<<<<<<

l”

NUVRPEvERPP| FEag IR Y v
Lol aalhen addean ol oo ol abbad o aad

200[msec]
A —

[sec]

~





media/file8.png
Back-EMF estimator

V + ea |
1
] |
Ri +L &, I
dt O
+ |

Vb :m b I P
- |
. di | |
R,i, +L, d—: :

V + ec

Speed and position estimator

Limiter

THB-

|-






media/file34.png
eab > ebc

(a)

=

. |
] | |
| | |
Lu.f M 'Muwni-mm%{m_mmmwwl
hw-rmrmmmnn-nr. " Tl -..'n-"-n..-}.'-—n ‘-rm-n..iﬂu‘ .+;.-.-.~.. " TRV « ——
O, || | |
V |
Ny ) Lot U
| -4 -
] : i
] i i
: ' :
] | i
] i i
: ' :
: - :
]
: 1 )
B e e e i 2 [sect
__ I__ I__J <>
0 [sec] 20





media/file17.jpg
(@)

()

©

(O]

x5

"
I
u

Line to line Voltage (V)

€ab; €pc
v N

D-axis Voltage (V)
e

"’dex_r\/s\w

Estimated rotor position

Hr‘\
DC offset component and compensation value

P
Bogy T, /’
2 N

ot}






