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Abstract

:

This paper presents the efficiency improvement in a speed closed-loop controlled permanent magnet synchronous machine (PMSM) sensorless drive. The drive efficiency can be improved by minimizing the inverter and the PMSM losses. These can be influenced by proper selection of DC-bus voltage and switching frequency of the inverter. The direct (d-) and quadrature (q-) axis current references generation methods, discussed in this paper, further improve the efficiency of the drive. Besides zero d-axis current reference control, the maximum torque per ampere (MTPA) characteristic is normally applied to generate the d- and q-axis current references in vector controlled PMSM drives. It assures control with maximum torque per unit of current but cannot assure maximum efficiency. In order to improve efficiency of the PMSM drive, this paper proposes the generation of d- and q-axis current references based on maximum efficiency (ME) characteristic. In the case study, the MTPA and ME characteristics are theoretically evaluated and determined experimentally by measurements on discussed PMSM drive. The obtained characteristics are applied for the d- and q-axis current references generation in the speed closed-loop vector controlled PMSM drive. The measured drive efficiency clearly shows that the use of ME characteristic instead of MTPA characteristic or zero d-axis current in the current references generation improves the efficiency of PMSM drive realizations with position sensor and without it—sensorless control.
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1. Introduction


The energy savings during the entire exploitation time of an electric drive can be achieved only through a coordinated efficiency improvement of all components of the drive, including control algorithms. Nowadays, efficiency maximization is a normal design aspect for electric drives. Thus, more and more researchers are occupied with decreasing overall power losses of electric drives and simultaneously saving component and operational costs. In some applications, minimum loss is not only one of the design criteria, but is of paramount importance, e.g., in battery-powered road-vehicles [1,2] or even more importantly in autonomous aircrafts [3]. In such applications, even a small decrease of losses can have a significant impact on overall system performance in terms of ensuring adequate operating range. Due to its high efficiency, high power density and wide operating range of speed, the permanent magnet synchronous machine (PMSM) is used very often. By employment of a speed- or position-sensorless control, a more compact drive with less maintenance [4,5,6] can be obtained.



Besides designing a new machine, the efficiency of the drive can be improved by minimizing losses of the power inverter by proper selection of the DC-bus voltage and the switching frequency [7,8,9], and a proper control of the PMSM as well. Sensorless PMSM drive control algorithms vary in complexity and computational performance demanded by different target applications. The main difference between available sensorless control algorithms from the literature is that model-based methods [5,10,11,12,13] are more straightforward to implement but are not directly applicable at standstill, and therefore saliency-based methods [14,15,16] have been developed. Authors combine the aforementioned methods in various approaches [9,17,18,19,20], thus ensuring adequate sensorless performance from zero speed up to the field-weakening region.



In the case of vector controlled PMSM, a proper selection of the direct (d-) and quadrature (q-) axis current references can further improve drive efficiency. The simplest zero d-axis current reference control (idr = 0) is still employed in applications with surface mounted PMSMs [21], which exhibit similar values of d- and q-axis inductances. Although it is generally applicable, the maximum torque per ampere (MTPA) characteristic [10,15,19,20,21,22,23,24,25,26,27], which considers PMSM copper losses, is usually used for generation of current references in drives with interior PMSM, which exhibit different values of d- and q-axis inductances and thus produce a significant reluctance torque component in addition to the permanent magnet torque component. When MTPA is applied, the PMSM drive produces maximum torque per unit of stator current but cannot reach the maximum efficiency due to the neglected iron core losses. The maximum efficiency (ME) characteristic [21,23,24,25,26,27,28] considers copper losses as well as iron core losses of PMSM. When it is applied for generation of current references, the maximum efficiency of a PMSM drive can be achieved. The concept was first evaluated by Colby et al. [29] for a surface mounted PMSM. Later it was applied by Morimoto et al. [30] in control of an interior PMSM drive as well. More recently, Pohlenz et al. [23] and Cavallaro et al. [28] reported improved efficiencies by implementing ME in the control software. While applying ME, Hassan et al. [24] analyzed PMSM and inverter losses due to changed harmonic content. Ni et al. [21] developed an iron loss formula by introducing new coefficients. However, the needed detailed PMSM data might not always be available, as discussed later.



General forms of the MTPA characteristic and the ME characteristic are shown in Figure 1a, from where it is evident that ME characteristics require higher values of the negative d-axis current in comparison to the MTPA characteristics, and MTPA characteristics in turn require higher values of the negative d-axis current than the idr = 0 control. Figure 1b shows the stator current vector Is and its components Id and Iq, where |Is| denotes the length of Is.



In this paper, the origins of losses in a PMSM drive are introduced and evaluated in Section 2. The PMSM model is used to explain the differences between the MTPA and ME characteristics, and to obtain the equations which relate the ME characteristics to the stator currents Id and Iq in Section 3. Although the ME characteristics are usually derived in relation to the magnetizing currents Imd and Imq, the here presented equation (20) provides the optimal current Id for a given load torque by considering the ME characteristic-i.e., the copper and the iron losses of the PMSM. Furthermore, this paper focuses on the drive implementation from the control designer’s point of view, where detailed information of the PMSM is not available, contrarily to machine designer’s point of view, where all details of the PMSM are known [21]. Unfortunately, the aforementioned equations cannot be used directly in the control implementation because the needed iron core resistance parameter value Rc cannot be determined directly or to be modeled in form of a function. Therefore, this paper proposes an alternative, which is suitable for control design and applicable to all types of PMSM. There the ME characteristics are determined experimentally by measurements performed on the tested vector controlled PMSM drive. The existing control algorithm is extended by a current references generator, where the determined ME characteristics are applied to generate the d- and q-axis current references. The speed closed-loop vector control of PMSM, obtained in this way, is used to measure the efficiency of the entire drive. The control is realized with the position sensor and without it—sensorless control.



Moreover, in this work the ME characteristics are implemented in sensorless control for the first time and presented in Section 4. There the rotor speed and position are determined by nonlinear phase-locked loop (PLL) observer [9,31], whose inputs are calculated by the modified active flux method [32,33,34,35]. It is shown that the drive efficiency can be improved when ME characteristics are used to generate the d- and q-axis current references, which is true for the sensorless control as well as for the control realization with position sensor. In order to facilitate a direct comparison, the space vector modulation has been utilized without any advanced modulation techniques such as discussed in [36,37]. Section 5 then concludes the paper.




2. PMSM Drive Losses


A PMSM drive normally consists of the PMSM, power inverter, load, and the control system. The load is the element, which dictates the proper selection of the other PMSM drive elements. The energy conversion process inevitably includes losses, mostly in the power inverter and PMSM. These loss components substantially influence the drive efficiency. This paper focuses on the detailed research of PMSM losses, which are minimized in the speed closed-loop controlled PMSM drive by a proper generation of d- and q-axis current references.



The employed PMSM had surface mounted magnets and was rated for 400 V and 1.6 kW at 2250 rpm.



2.1. Power Losses in Power Inverter


The power losses in a power inverter consist of conduction or Ohm’s losses and switching losses. In this work they are minimized by proper selection of the DC-bus voltage, where the impact of dead times is minimized [5,8,9] and by proper selection of the switching frequency [7,24,36,37] as well. The proper values were determined experimentally by measurements performed on the tested PMSM drive.



In order to evaluate the impact of switching frequency on drive efficiency, a series of tests was performed, where the PMSM load was varied, while the switching frequency was set to 4, 6, and 9 kHz, respectively. Figure 2 presents the PMSM drive efficiency characteristics in dependence of the current vector length       i   s      . Drive efficiencies vary because the inverter losses increase with the increase of switching frequency and simultaneously the PMSM losses decrease with the increase of switching frequency [38], and the drive efficiency represents their product. Figure 2 shows that the highest efficiency of this particular PMSM drive was obtained when the switching frequency of 6 kHz was employed. Thus, the aforementioned switching frequency value was used through all successive tests.



In addition to the switching frequency, the inverter’s DC-bus voltage influences the PMSM drive efficiency as well. When the desired inverter output voltage is much smaller than the DC-bus voltage, then the inverter output voltage pulses are unnecessarily narrow which increases switching losses. However, it is noted that the DC-bus voltage control is not possible if a diode rectifier is employed in the inverter. In order to evaluate the impact of DC-bus voltage on PMSM drive efficiency, a series of tests was performed, where the PMSM load was varied, while the rotor speed and DC-bus voltage were set to different values. The PMSM efficiency was not significantly affected by the change of DC-bus voltage. Thus, the significant variation of PMSM drive efficiency presented in Figure 3 was due to the inverter efficiency variation by the change of DC-bus voltage. The differences in efficiencies at low speeds were more expressed because the PMSM back-emf was smaller at low speeds. The implementation of variable DC-bus voltage could make sense in variable speed drives operating mostly at partial loads and in a broad range of speeds in applications where efficiency is crucial.




2.2. Power Losses in PMSM


The analysis of power losses in the PMSM is based on the two-axis steady-state PMSM model with lumped parameters, written in the d-q reference frame. The d-axis was aligned with the flux linkage vector due to the permanent magnets while the q-axis led for electrical π/2. The model is schematically shown in Figure 4.



The copper losses are considered by the stator resistance Rs while the iron core losses are accounted for by the iron core resistance Rc. In the steady-state model, written in the d-q reference frame, the indices d and q refer to the d- and q-axis, Ud and Uq are the stator voltages, Id and Iq are stator currents, Imd and Imq are the magnetizing currents, Icd and Icq are the iron core currents, Ld and Lq are the stator inductances, Ψmd is the flux linkage due to the permanent magnets, Te is the electromagnetic torque, ωe is the electrical rotor speed and pp is the number of pole pairs. Considering Figure 4, the voltage Equation (1) and the torque Equation (2) can be written:


     U d  =  R s   I d  −  ω e   L q   I  m q        U q  =  R s   I q  +  ω e   L d   I  m d   +  ω e   Ψ  m d      



(1)






   T e  =  p p   I  m q      Ψ  m d   +    L d  −  L q     I  m d      



(2)




where


     I d  =  I  m d   +  I  c d   =  I  m d   −    ω e   L q   I  m q      R c         I q  =  I  m q   +  I  c q   =  I  m q   +    ω e     R c       L d   I  m d   +  Ψ  m d        



(3)







The power losses in the PMSM Ploss,PMSM can be divided into controllable losses, which are the copper losses Ploss,Cu and the iron core losses Ploss,Fe, and uncontrollable losses, which are the mechanical and additional losses [28]. Neglecting the uncontrollable losses, (4) describes the PMSM losses.


   P  l o s s , P M S M   =  P  l o s s , C u   +  P  l o s s , F e    



(4)







Considering Figure 4 and Equations (1) to (4), Ploss,Cu and Ploss,Fe can be expressed by (5) and (6).


   P  l o s s , C u   =  R s     I d 2  +  I q 2    =  R s       I  m d   −    ω e   L q     R c     I  m q      2  +  R s       I  m q   +    ω e     L d   I  m d   +  Ψ  m d        R c       2   



(5)






   P  l o s s , F e   =  R c     I  c d  2  +  I  c q  2    =    ω e 2     R c           L q   I  m q      2  +      L d   I  m d   +  Ψ  m d      2    ,  



(6)









3. Improving Efficiency by Reference Current Generation


Assuming a given inverter and a given PMSM, the PMSM drive efficiency can be improved by minimizing inverter losses and PMSM losses. In addition to advanced modulation techniques [36,37], the inverter losses can be mostly influenced by the closed-loop control or a proper choice of DC-bus voltage and by an optimal choice of switching frequency [24]. The PMSM losses can be influenced by the voltage and current total harmonic distortion that depend on the switching frequency [7,24,38], and in the case of vector controlled PMSM by the generation of the d- and q-axis current references. The generation of current references is usually based idr = 0 or on the MTPA characteristic [10,15,19,20,21,22,23], which assures the maximum torque per unit of current but not the maximum efficiency of the entire drive [21,23]. The last can be achieved when the ME characteristic is applied for generation of the d- and q-axis current references.



3.1. Theoretical Background of the MTPA and ME Characteristics


Let us consider all parameters of the PMSM steady-state model, shown in Figure 4 and described by Equations (1) to (6), as constant. The starting point for derivation of the MTPA characteristic is the torque equation (Equation (2)) and the PMSM steady-state model shown in Figure 4, where the iron core resistance is neglected (Rc →∞). Consequently, according to Equation (3), Icd and Icq equal zero which leads to Id = Imd and Iq = Imq. Considering the angle of the stator current vector α, shown in Figure 1b, the relation between the d- and q-axis currents, that provides the maximum torque per unit of current, can be determined from Equation (2) by Equation (7), which yields Equation (8) [22].


  max    T e    ⇒   d  T e    d α   = 0  



(7)






   I   d  1 , 2     =   −  Ψ  m d     2    L d  −  L q      ±      Ψ  m d  2    4      L d  −  L q     2    +  I q 2     



(8)







Similarly, the ME characteristic describes the relation between the d- and q-axis current that provides the minimum of PMSM losses, which leads to the maximum efficiency of the PMSM drive. According to [24,28], the PMSM losses (Equation (4)) can be minimized for each combination of Te, and ωe. Considering Equation (2) in Equations (5) and (6), Equation (4) can be expressed as a function of Imd, Te, and ωe. In the case of steady-state operation, Te, and ωe are constants, which means that the PMSM power losses Ploss,PMSM (Equation (4)) can be described as a function of Imd. However, because Te (Equation (2)) depends on Imd and Imq, the PMSM power losses can be minimized by Equation (9), which yields Equation (10) [24] describing the ME characteristic.


  min    P  l o s s , P M S M     ⇒       d  P  l o s s , P M S M      I  m d   ,  I  m q   ,  ω e      d  I  m d          T e  ,  ω e    = 0  



(9)






   I  m d   = −    ω e 2   L d   Ψ  m d      R s  +  R c    +  R s   R c   ω e     L d  −  L q     I  m q      ω e 2   L d 2     R s  +  R c    +  R s   R c 2     



(10)








3.2. Evaluation of the Impact of Rc on the ME Characteristic


A sensitivity analysis was performed in order to evaluate the impact of the iron core resistance Rc on the ME characteristic. The parameter Rc was varied while the other PMSM parameters presented in Table 1 remained constant. The theoretical derivation of obtaining the necessary measurable current Id for every corresponding combination of Iq and ωe is presented hereinafter with the assumption of constant PMSM model parameters in the given operating points.



The voltage equations derived from Figure 4 can be rewritten also in the form of Equation (11).


     U d  =  R s   I  m d   −    R s  +  R c     R c     ω e   L q   I  m q        U q  =  R s   I  m q   +    R s  +  R c     R c       ω e   L d   I  m d   +  ω e   Ψ  m d        



(11)







Considering Equation (3), the currents Imd and Imq can be expressed in terms of the measurable stator currents Id and Iq (Equation (12)). Note that it is essential for control implementation that measurable quantities (such as Id and Iq instead of Imd and Imq) are included in the algorithm.


     I  m d      I d  ,  I q    =    R c 2   I d  +  R c   L q   ω e   I q  −  L q   Ψ  m d    ω e 2     R c 2  +  L d   L q   ω e 2         I  m q      I d  ,  I q    =    R c 2   I q  −  R c   L d   ω e   I d  −  R c   Ψ  m d    ω e     R c 2  +  L d   L q   ω e 2       



(12)







Similarly, the currents Icd and Icq can be expressed in terms of Id and Iq (13).


     I  c d      I d  ,  I q    =    L d   L q   ω e 2   I d  −  R c   L q   ω e   I q  +  L q   Ψ  m d    ω e 2     R c 2  +  L d   L q   ω e 2         I  c q      I d  ,  I q    =    R c   L d   ω e   I d  +  L d   L q   ω e 2   I q  +  R c   Ψ  m d    ω e     R c 2  +  L d   L q   ω e 2       



(13)







Then the PMSM losses can be expressed in terms of Id and Iq as well (14).


    P  l o s s , P M S M   = A  I d 2  + B  I q 2  + C  I d  + D  I q  + E  I d   I q  + F    A =    L d 2   L q 2   ω e 4     R s  +  R c    +  R c 2     R s   R c 2  + 2  R s   L d   L q   ω e 2  +  R c    L d 2   ω e 2           R c 2  +  L d   L q   ω e 2     2       B =    L d 2   L q 2   ω e 4     R s  +  R c    +  R c 2     R s   R c 2  + 2  R s   L d   L q   ω e 2  +  R c    L q 2   ω e 2           R c 2  +  L d   L q   ω e 2     2       C =   2  R c   L d   Ψ  m d    ω e 2     L q 2   ω e 2  +  R c 2           R c 2  +  L d   L q   ω e 2     2       D =   2  R c 2   L q   Ψ  m d    ω e 3     L d  −  L q           R c 2  +  L d   L q   ω e 2     2       E =   2  R c 2   L d   L q   ω e 3     L d  −  L q           R c 2  +  L d   L q   ω e 2     2       F =    R c   Ψ  m d  2   ω e 2     L q 2   ω e 2  +  R c 2           R c 2  +  L d   L q   ω e 2     2      



(14)







If we consider Equation (15) in Equation (14), then Equation (16) is obtained.


     I d  =  I s  cos α      I q  =  I s  sin α    



(15)






   P  l o s s , P M S M   = A  I s 2    cos  2  α + B  I s 2    sin  2  α + C  I s  cos α + D  I s  sin α + E  I s 2  sin α cos α + F  



(16)







The PMSM losses are minimized by Equation (17), yielding Equation (18).


    d  P  l o s s , P M S M     d α   = 0  



(17)






    − 2 A  I s 2  sin α cos α + 2 B  I s 2  sin α cos α − C  I s  sin α +                  + D  I s  cos α + E  I s 2   cos 2  α − E  I s 2   sin 2  α = 0     − 2 A  I d   I q  + 2 B  I d   I q  − C  I q  + D  I d  + E  I d 2  − E  I q 2  = 0    



(18)







By rearranging Equation (18) we obtain Equation (19) and consequently Equation (20) which provides the necessary current Id for every corresponding combination of Iq and ωe.


  0 = E  I d 2  +   D + 2  I q    B − A      I d  −   E  I q 2  + C  I q     



(19)






   I  d 1 , 2   =   − D + 2  I q    A − B     2 E   ±         D + 2  I q    B − A      2  + 4 E   E  I q 2  + C  I q        2 E    



(20)







Figure 5 presents the obtained MTPA characteristic by Equation (8), and the obtained ME characteristics by Equation (20) at different values of rotor speed and different values of the iron core resistance Rc. Although, this may not be evident from Figure 5 and similarly to the MTPA characteristics, the ME characteristics are nonlinear. It is however evident from Figure 5 that the iron core resistance Rc plays a crucial role in shaping the ME characteristic. Unfortunately, in practice its value changes depending on operating conditions and it cannot be determined directly or to be given in form of a function.



Therefore, the authors have turned to an implicit but general approach for determination of the ME characteristic based on experiments, which is described hereinafter. The determined ME characteristics are then used to improve the efficiency of the PMSM drive in sensorless control as well as for the control realization with position sensor. The approach proposed here is novel, and can easily be adopted by control designers when of-the-shelf (or unknown) PMSMs are employed—contrarily to methods based, e.g., on finite element analyses which depend on detailed information about the employed geometry and materials in the PMSM.




3.3. Experimental Determination of ME Characteristics


The ME characteristics derived theoretically in the previous subsections are based on the steady-state PMSM model with constant parameters. With the aim to improve the PMSM drive efficiency and to evaluate the previously presented results, the characteristics were determined also by measurements performed on the PMSM drive, schematically shown in Figure 6. The presented approach includes all effects that are also present during real drive operation in the ME characteristics, these being effects of magnetic nonlinearities, saturation, cross-coupling, end-winding leakage, permanent magnets and slotting, converter nonlinearities and dead times in transistor switching. The PMSM was torque controlled and fed by the inverter. This means that during all tests the d- and q-axis currents were close-loop controlled, following their references set to different constant values. The vector control of PMSM was realized on the control system dSPACE PPC 1103. The rotor speed was closed-loop controlled by an active load IM. The input and output power of the inverter and PMSM, and their efficiencies, were measured by the power analyzers NORMA I (Norma D5255M) and NORMA II (Norma D6100), as shown Figure 6. The equal equipment was used throughout all successive tests, thus enabling a direct and comprehensive comparison of the PMSM drive efficiency operating in closed-loop control with or without the position sensor.



The ME characteristics were determined by changing the length and angle of the stator current vector at different values of the rotor speed. In individual steady-states, based on the measurements of voltages, currents, powers, torque and speed, the efficiencies are determined. A three-dimensional matrix of measurement results was generated, which includes length and angle of the stator current vector as well as the rotation speed. The experimentally obtained drive efficiency curves at 2250 rpm in dependence of the length and angle of the stator current vector are shown in Figure 7. The ME characteristic at 2250 rpm was then determined by connecting the points of maximum efficiencies of respective efficiency curves (black line). The determined ME characteristics at different rotor speeds are then shown in Figure 8, where they are presented in dependence of d- and q-axis currents. From Figure 8 it is evident that if we want to control the drive with maximum efficiency, the d-axis current component has to be increased by increase of the rotor speed, which is also known as flux-weakening. Unfortunately, due to hardware limitations, only currents of up to 6 A could be achieved during the experiments.





4. Results and Discussion


This section shows how the employment of the previously experimentally determined ME characteristics influences the efficiency of the discussed speed closed-loop controlled PMSM drive, when it is used to generate the d- and q-axis current references. The rotor position and speed required for the control realization are obtained in two different ways: firstly, by using sensors and secondly, by the sensorless control. In the last case, the measured PMSM currents and DC-bus voltage are used together with the PMSM dynamic model to calculate the rotor position and speed. The active flux based sensorless control method is applied. The active flux ΨAF is defined as a hypothetical flux, which multiplied by the instantaneous q-axis current iq produces the measured instantaneous electro-magnetic torque te [32,33,34,35]. Consequently, the effects which are neglected in the PMSM model are thus considered by employment of ΨAF.


   t e  =  p p       Ψ ^    A F      i q   



(21)







The active flux concept uses the flux linkage vector estimates    Ψ ^   αβu and    Ψ ^   αβi obtained by the voltage (index u) and current models (index i) (Equation (22)), written in the α-β reference frame [32]. The difference between both estimates gives the compensation voltage uk, which is added in the voltage model to eliminate the DC-offset and other errors in measured stator currents, variation of stator resistance, and integrator drifts in the calculation procedure.


       Ψ ^    α β u   =     ∫  0 t       u   α β    τ  −  R s    i   α β    τ  +  u k   τ    d τ +    Ψ ^    α β u    0            Ψ ^    α β i   =   L   α β        1   0     0   1        i   α β   +   Ψ   m d         cos  θ e        sin  θ e           



(22)







Considering zero initial conditions, the required estimates of the electrical rotor speed     ω ^  e    and position     θ ^  e    are calculated by the nonlinear PLL-observer (Equation (23)) [31], where ε represents the error signal; k1 and k2 represent the observer gains.


      ω ^  e  =     ∫  0 t    k 1  ε  τ  d τ          θ ^  e  =     ∫  0 t       ω ^  e   τ  +  k 2  ε  τ    d τ       



(23)







Thus, in the case of sensorless control, the estimates     ω ^  e    and     θ ^  e    (Equation (23)) are used instead measured speed and position in the control algorithm, enabling closed loop-speed control without mechanical speed sensor.



Figure 9 shows the schematic presentation of the speed closed-loop control realizations with sensors (position and speed) and without them. These control realizations are applied in the experimental set-up, shown in Figure 6, which is used to measure drive efficiencies in cases when idr = 0, MTPA and ME characteristics, respectively. These characteristics (MTPA or ME) are used to determine the d- and q-axis current references idr and iqr.



Figure 10 shows the measured PMSM drive efficiencies (ηALL) at the rated speed of 2250 rpm and different loads in the case when idr = 0 and in the cases when idr and iqr are determined with the MTPA and ME characteristics, respectively. The results are given for the control realization with position and speed sensors and for the sensorless control. They are completed by the presentation of differences between different measured efficiency curves.



The presented results clearly show that the lowest efficiencies are achieved when idr = 0. The drive efficiency is improved when the MTPA characteristic is used for the generation of idr and iqr. When it is replaced with the ME characteristic, the drive efficiency is further improved. Similar findings have been reported in [21,23,28] for an IPMSM drive with position sensor. The efficiency improvements decrease with the increase of the load torque (Tm). This is true for the control realization with the position and speed sensors as well as for the sensorless control realization.




5. Conclusions


This paper presents a way of improving the PMSM drive efficiency, where the more usual idr = 0 and MTPA characteristic for generation of reference current in vector controlled PMSM drives are compared with the proposed ME characteristic. There, both copper and iron core losses of the PMSM are considered. The equations which relate the ME characteristics to the measurable stator currents Id and Iq which are needed by control designers (instead to the magnetizing currents Imd and Imq) are derived, and consequently the equation which provides the optimal current Id for a given load torque by considering the ME characteristic is obtained for the first time. The problem of adequately determining the iron core resistance parameter value Rc is effectively mitigated by employing experimentally determined ME characteristics on the real PMSM drive system. Differences between the MTPA and ME characteristics are detailed; they are used in speed closed-loop vector control realizations with position and speed sensors and without them. The ME characteristic is implemented in sensorless control for the first time, where a nonlinear PLL observer is applied. Its inputs are calculated by the modified active flux method. The work clearly demonstrates that the use of ME characteristic instead of MTPA characteristic or idr = 0 in the current references generation improves the efficiency of PMSM drive realizations with position and speed sensors and without them—sensorless control.



This particular comparative case study showed that choosing an adequate switching frequency might improve the drive efficiency by 1.5–5.0%. At small load and speed values where the voltage value is small as well, an adequate DC-bus voltage control may improve the drive efficiency up to 30%. Ultimately, this particular PMSM drive efficiency was improved by 0.1–0.5% when the proposed ME was implemented in comparison to the MTPA, and by 1.0–2.0% in comparison to idr = 0, respectively. Therefore, it should be preferred that the PMSM drive control solutions proposed here are implemented in applications where efficiency is crucial. Moreover, the ME implementation can cut down the annual energy consumption of the studied drive by up to approximately 130 kWh, depending on the load and control case presented in Figure 11. This fact certainly cannot be neglected, since its implementation requires merely the modification of a few lines of code in the control realization.
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Figure 1. Maximum torque per ampere (MTPA) and maximum efficiency (ME) characteristics (a) and stator current vector in α-β and d-q reference frame (b). 
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Figure 2. Measured efficiency characteristics of the permanent magnet synchronous machine (PMSM) drive at different switching frequencies. 
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Figure 3. Measured efficiency characteristics of the PMSM drive at different rotor speed and different DC-bus voltage. 
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Figure 4. Applied steady-state model of PMSM in d-q reference frame. 
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Figure 5. Calculated MTPA and ME characteristics at different rotor speeds and different constant values of the iron core resistance Rc. 
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Figure 6. Experimental set-up—schematic presentation. 
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Figure 7. ME characteristic at 2250 rpm in dependence of the length and angle of the stator current vector. 
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Figure 8. Experimentally determined ME characteristics. 
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Figure 9. Schematic presentation of the applied speed closed-loop control. 
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Figure 10. Measured efficiencies of the speed closed-loop controlled PMSM drive and their differences for the control realization with the mechanical sensor and for the sensorless control in the cases when idr and iqr are determined with MTPA and ME characteristics and in the case when idr = 0. 
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Figure 11. Annual energy savings achieved by different methods of reference current generation in the speed closed-loop controlled PMSM drive for the realization with the mechanical sensor and for the sensorless control. 
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Table 1. Permanent magnet synchronous machine PMSM parameters.
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	Parameter
	Value





	pp
	5



	Rs (Ω)
	1.15



	ψmd (Vs)
	0.2415



	Ld (H)
	0.02654



	Lq (H)
	0.02865
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