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Abstract

:

This paper presents the utilization of differential flatness techniques from nonlinear control theory to permanent magnet assisted (PMa) synchronous reluctance motor (SynRM). The significant advantage of the proposed control approach is the potentiality to establish the behavior of the state variable system during the steady-state and transients operations as well. The mathematical models of PMa-SynRM are initially proved by the nonlinear case to show the flatness property. Then, the intelligent proportional-integral (iPI) is utilized as a control law to deal with some inevitable modeling errors and uncertainties for the torque and speed of the motor. Finally, a MicroLab Box dSPACE has been employed to implement the proposed control scheme. A small-scale test bench 1-KW relying on the PMa-SynRM has been designed and developed in the laboratory to approve the proposed control algorithm. The experimental results reflect that the proposed control effectively performs high performance during dynamic operating conditions for the inner torque loop control and outer speed loop control of the motor drive compared to the traditional PI control.
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1. Introduction


Permanent magnet synchronous motors (PMSMs) are the most widespread motor technologies in transportation applications including more electric aircraft (MEA), electric vehicles (EVs or e-vehicle), and hybrid electric vehicles (HEVs) [1,2,3,4,5]. Indeed, this technology enables offering high torque, power density, and high efficiency; while providing an extensive speed range. Besides, due to their design, they are extremely versatile and can also be employed for low-power applications, offering high performance [1]. On the other side, these motors require the use of rare-earth metals to make permanent magnets (PMs) such as Nd-Fe-B (neodymium-iron-boron), located on the rotor. Due to the growing development of electric vehicles, the interest in rare-earth metals has been increasing; leading up consequently to high cost and environmental consequences for the extraction and refining of rare-earth elements.



As a result, to cope with these important issues, a new permanent magnet-assisted (PMa) synchronous reluctance motor (SynRM) has been conceived to reduce the size of PMs and to increase the use of ferrite magnet materials in the rotor part. Besides, the modern PMa-SynRM is more advantageous than the classic SynRM [6,7,8]. Its cost is reduced compared to the usual PMSM since ferrite magnets are cost-effective over rare-earth PMs. In summary, the PMa-SynRM is an emerging and attractive motor for the dissemination of the next generations of electric cars. The constitution of the proposed four-pole PMa-SynRM prototype relying on ferrite magnets, and the d-axis and q-axis are shown in Figure 1. It can be noted that the permanent magnets are positioned in the flux barriers of the rotor part. Hence, magnetization takes place along the negative q-axis. Given that the PMa-SynRM is relatively new, the achievement of high performance for large functioning conditions by controlling it remains a technical barrier. Indeed, its nonlinear features, parameter mismatch, and also parametric uncertainty make its control challenging.



To face this technical barrier from the control point of view, various control approaches have been reported and analyzed recently in the literature. First and foremost, Ion Boldea et al. [9] have studied a direct torque and flux control with space vector modulation (DTFC-SVM) drive control of PM-assisted reluctance synchronous motor/generator employed for mild hybrid vehicles applications. Peyman Niazi et al. [10] have conceived a maximum torque per ampere (MTPA) control strategy coupled with a parameter observer applied to a PMa-SynRM to face the change of motor parameters (inductances and PM flux density) and saturation effect due to the internal temperature. However, the tests have been performed when the PMa-SynRM operates under a constant torque region. By comparison, Elena Trancho et al. [11] have designed a robust torque-based control scheme addressed to the PM-Assisted Synchronous Reluctance Machine in EVs and HEVs. In this work, the authors have employed an arrangement of a second-order-based sliding mode control for inner current regulation and a look-up table/voltage restriction pursuit-based hybrid field weakening operation to cope with parameters deviation during operation. Despite these relevant works introducing and designing robust controllers, the achievement of high performance is still a challenging barrier. As emphasized in these works, this barrier is due to the variation of machine electrical parameters and the nonlinear properties. To meet these technical issues for the control of the PMa-SynRM, a nonlinear control named “Differential Flatness” is elaborated and has recently been suggested to reach the expected performances in controlling PMSM [12]. It has been demonstrated that differential flatness control presents higher performance than traditional control systems. Besides, adding the nonlinear observation for motor parameters estimating makes the control system more robust. This novel control approach has been applied in various nonlinear systems; for instance, for the energy management of a hybrid power plant (including a fuel cell and supercapacitors) [13], and the command of double fed inductor motor [14].



This paper presents the differential flatness control to control PMa-SynRM. As a result of this introduction reviewing the main issues for the control of PMa-SynRM and the current state-of-the-art, the mathematical models of PMa-SynRM are developed to prove the differential flat property in Section 2. Then, in Section 3, the intelligent proportional-integral (iPI) [15,16] controller is conceived as a control law to compensate for the torque and speed of the motor. A nonlinear estimator is introduced to estimate external torque disturbance. Finally, in Section 4, the comparison between differential flatness and conventional PI control is discussed to demonstrate the benefits of the proposed control algorithm. A small-scale test bench 1-KW relying on the PMa-SynRM with ferrite magnets has been realized to attest to the performance of the designed control scheme in the laboratory [17].




2. FEM-Based Magnetic Model


Given that the inductances Ld and Lq play major roles in the overload capacity, the field-weakening operation has been enhanced, and an accurate regulation has been determined to make their calculation easier. The inductances in the d–q axis have been computed considering a nonlinear case where the saturation of the stator teeth and rotor ribs have been taken into account. Due to the effect of the internal temperature, the inductances can be saturated as emphasized in [10]. Hence, the saturation effects of the inductances Ld and Lq can be computed relying on the link between the flux linkage change and the small rise in the current of the d–q axis, as provided by the Equations (1)–(3) [18,19]. Furthermore, the cross-coupling effects due to saturation have been investigated as well for the PMa-SynRM. The parameters have been assessed in the d–q axis. The operating constraints of the current supply have been reproduced, and the flux linkages have been assessed by incorporating the magnetic vector potential. The d-q flux linkages linked to the d- and q-axes currents are illustrated in Figure 2. The d- and q-flux linkages related to based on FEM analysis are represented in Figure 2. Figure 2a depicts the lookup table of d-axis flux linkage Ψd(id,iq) (LUT1); while Figure 2b exhibits the lookup q-axis flux linkage Ψq(id,iq) (LUT2). In addition, Table 1 shows the given flux linkages of the PMs and d–q axes inductances of the control network design.


   L d  =   ∂  Ψ d  (  i d  ,  i q  )   ∂  i d    =       Δ  Ψ d  (  i d  ,  i q  )   Δ  i d         i q  = constant    



(1)






   L q  =   ∂  Ψ q  (  i d  ,  i q  )   ∂  i q    =       Δ  Ψ q  (  i d  ,  i q  )   Δ  i q         i d  = constant    



(2)






   L  dq   =   ∂  Ψ d  (  i d  ,  i q  )   ∂  i q    =       Δ  Ψ d  (  i d  ,  i q  )   Δ  i q         i d  = constant    



(3)








3. A Shot Briefly Differential Flatness Control and Control Law


3.1. Differential Flatness Briefly


The differential flatness-based control approach is crucial to control different types of systems [2,13,14]. A summary of differential flatness control theory is provided below. Considering a nonlinear system expressed by the following state-variable:


   x ˙  = f ( x , u ) .  



(4)







The system (4) is said to be “differentially flat” if a set of flat output equal to the number of inputs can be found. More precisely, the control output variable must be written as the function of the flat output and their derivatives as follow:


  x = ϕ ( y ,  y ˙  , … ,  y  ( β )   ) ,  



(5a)






  u = ψ ( y ,  y ˙  , … ,  y  ( β + 1 )   ) ,  



(5b)




where β is the finite number of derivatives.




3.2. Control Law


The control law’s block diagram is provided in Figure 3. The trajectory planning, the feedback control (relying on two controller gains Ki and Kp), the controller output λ, and the inverse dynamic equations are detailed below.



As shown in Figure 3, a controller output, λ can be defined as follow:


  λ =  u  ref   +  u  feedback   ( ε ) ,  



(6)




with


   u  r e f   = ψ (  y  ref   ,   y ˙   ref   ,   y ¨   ref   , … ,  y  ref   ( β + 1 )   ) ,  



(7)






  ε =  y  r e f   − y .  



(8)







As will be seen later, thank to “Inverse Dynamic Equation” (IDE), we will obtain.


   y ˙  = λ .  



(9)







According to the control law’s block diagram, combining (6)–(8) yields.


   y ˙  =   y ˙   r e f   +  K p  ε +  K i    ∫ ε   d t = 0 .  



(10)







Taking time derivative (10) obtains.


    y ¨   r e f   +  K p   ε ˙  +  K i  ε = 0 .  



(11)







By comparing to the standard second-order equation, parameters Kp and Ki can define as follow:


   q ¨  ( s ) + 2 ζ  ω n   q ˙  ( s ) +  ω n 2  q ( s ) = 0 ,  



(12)







Consequently, the controller gains define as follow:


     K p  = 2 ζ  ω n       K i  =  ω n 2     



(13)









4. PMa-SynRM Modeling and Development of the Proposed Control Scheme


4.1. Mathematic Model of PMa-SynRM/Inverter


The inverter shown in Figure 4 provides a symmetric sinusoidal three-phase AC voltage source for supplying to PMa-SynRM. In Figure 4, VBUS, iBUS, and iA, iC are respectively the input DC grid voltage, the inverter current, and the load motor phase current. According to Figure 2a,b, The electrical modeling equations of PMa-SynRM are discussed by the nonlinear case. In Figure 2, the flux linkage of direct and quadrature axes may be defined according to d- and q-axes current id and iq as in the following equations.


   Ψ d  =  Ψ d  (  i d  ,  i q  ) ,  



(14)






   Ψ q  =  Ψ q  (  i d  ,  i q  ) .  



(15)







By considering Equations (14) and (15) as well, as mentioned above, the rotating electrical modeling of PMa-SynRM is given by the following equations [10,17]:


   v d  =  R s  ⋅  i d  +   d  Ψ d  (  i d  ,  i q  )   d t   −  ω e  ⋅  Ψ q  (  i d  ,  i q  ) ,  



(16)






   v q  =  R s  ⋅  i q  +   d  Ψ q  (  i d  ,  i q  )   d t   +  ω e  ⋅  Ψ d  (  i d  ,  i q  ) ,  



(17)




where


   ω e  =  n p  ⋅  ω m  ,  



(18)




where    v d    is the d-axis voltage,    v q    is the q-axis voltage,    ω e    is the electrical angular frequency,    n p    is the number of pole pairs, and    ω m    is the mechanical angular frequency. The important electromagnetic torque of the machine composed of torque produced with the interactivity between the magnet and the reluctance torque is expressed as follows.


   T e  =  n p     Ψ d   i q  −  Ψ q   i d    .  



(19)







The mechanical equation in the rotation moving is:


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



(20)




where  J  is the moment of inertia,    B f    is the viscosity, and    T L    is the load torque.




4.2. Differential Flatness Control of Current (or Torque) Loop Development


By referring to Equations (5), (16) and (17), the Ψd and Ψq are determined as the state variables (x). The vd and vq are control variables (u). The flat output (y) candidates are the measured parameters, which are id and iq. The systems can be seen as differentially flat if the control output variable must be noted according to the flat output, which are


   v d  =  u 1  =  R s   y 1  −  ω e   Ψ q     y 1  ,  y 2    +   ∂  Ψ d     y 1  ,  y 2      ∂  y 1    ⋅   y ˙  1  +   ∂  Ψ d     y 1  ,  y 2      ∂  y 1    ⋅   y ˙  2  =  ψ 1     y 1  ,  y 2  ,   y ˙  1  ,   y ˙  2    ,  



(21)






   v q  =  u 2  =  R s   y 2  +  ω e   Ψ d     y 1  ,  y 2    +   ∂  Ψ q     y 1  ,  y 2      ∂  y 1    ⋅   y ˙  1  +   ∂  Ψ q     y 1  ,  y 2      ∂  y 2    ⋅   y ˙  2  =  ψ 2     y 1  ,  y 2  ,   y ˙  1  ,   y ˙  2    .  



(22)







The control scheme mentioned in Section 3.2 is applied to deal with some inevitable modeling errors and uncertainties. By referring to Equation (6), the control laws of current control can express as follow:


    y ˙  1  =   Ψ ˙   d r e f   +  K p   ε d  +  K i    ∫   ε d  d t    ,  



(23)






    y ˙  2  =   Ψ ˙   q r e f   +  K p   ε q  +  K i    ∫   ε q  d t    .  



(24)







Consequently, the output control variables yield as follow:


   u 1  =  v d  =   y ˙  1  + I D  E d  ,  



(25)






   u 2  =  v q  =   y ˙  2  + I D  E q  ,  



(26)




where the Inverse Dynamic Equations (IDEs) are


  I D  E d  = −  R s   i d  +  ω e   Ψ q  ,  



(27)






  I D  E q  = −  R s   i q  +  ω e   Ψ d  .  



(28)







The controller parameters are


   K  p d   =  K  p q   = 2  ζ 1   ω  n 1   ,  



(29)




and


   K  i d   =  K  i q   =  ω   n 1   2  ,  



(30)




where ζ1 and ωn1 are respectively the desirated governing damping ratio and natural frequency.




4.3. Differential Flatness Control of Speed Control Loop Development


Figure 5 shows the proposed control diagram. The outer speed loop enables evaluating the torque reference value of the MPTA, which generates the current command for the inner current loop.



For the MTPA algorithm, it has been proposed in [20]. So, the Te is defined as a command variable u3, and the flat output y3 is ωm (or measured angular speed). The system is flat if the control variable is a function of flat output that is


   u 3  =  T e  = J ⋅   y ˙  3  +  B f   y 3  +  T L  =  ψ 3     y 3  ,   y ˙  3    .  



(31)







The control strategy of the speed control loop is


    y ˙  3  =   ω ˙   r e f   +  K  p ω    ε ω  +  K  i ω     ∫   ε ω  d t    .  



(32)







The control variable of the speed loop can be express as follow:


   u 3  = J ⋅   y ˙  3  + J ⋅ I D  E ω  ,  



(33)




where the inverse dynamic equation of the speed control loop (IDEω) is


  I D  E ω  =  1 J     B f  ⋅  y 3  +  T L    .  



(34)







The controller parameters are defined as the following equation.


   K  p ω   = 2  ζ 2   ω  n 2   ,  



(35)




and


   K  i ω   =  ω  n 2  2  ,  



(36)




where ζ2 and ωn2 are, respectively, the desirated governing damping ratio and the natural frequency of the outer speed regulation loop.



Based on the current and speed control law development, the natural frequency setting of the designed controller is depicted in Figure 6. The switching frequency fs of the inverter shown in Figure 4 is equal to 16 kHz (ωs = 105 rad.s−1) and it is reported in Figure 6. According to Figure 5, the speed control loop must be faster than the current control loop given that the outer speed loop enables assessing the torque reference value, and consequently the current. Considering the Nyquist-Shannon Theorem, the natural frequency ωn1 must be chosen lower than a frequency equal to 102 rad.s−1 (namely two times lower than the switching frequency ωs). Therefore, the natural frequency ωn1 for the current control loop has been tuned at 2000 rad.s−1; while for the speed control loop, a natural frequency ωn2 has been set at 20 rad.s−1 (100 times lower than ωn1). Both values have been reported in Figure 6, allowing defining the stable region included between these two values; whereas the unstable region is outside the natural frequency ωn1. Regarding the tuning of the damping ratios ζ1 and ζ2, to guarantee underdamped transient behaviors with low overshoot and fast response, both parameters have been set at 0.7.



Note that the stability and response of the differential flatness-based control are easy to set compared to the traditional PI controller. By defining and selecting the governing damping and natural frequency [21,22], as shown in Figure 6, the controller parameters of current and speed loop control may be calculated by Equations (29), (30), (35) and (36).




4.4. Trajectory Planning


The trajectory planning enables restricting the derivative terms. The reference inputs have been defined by trajectory planning utilized by the second-order low-pass filter. The trajectory planning of the current control loops are


     y  1 R E F   ( s )    y  1 C O M   ( s )   =    y  2 R E F   ( s )    y  2 C O M   ( s )   =  1 /         s   ω  n 3        2  +   2  ζ 3     ω  n 3     + 1     .  



(37)







In the speed control loop, the trajectory planning has been determined by the following equation.


     y  3 R E F   ( s )    y  3 C O M   ( s )   =  1 /         s   ω  n 4        2  +   2  ζ 4     ω  n 4     + 1     ,  



(38)




where    ζ 3   ,    ω 3   ,    ζ 4   , and    ω 4    are the governing damping and natural frequencies of the second-order low-pass filters, respectively.





5. Simulation and Experimental Validation


5.1. Experimental Setup


A small-scale test bench 1-KW relying on the PMa-SynRM has been conceived in the laboratory, as shown in Figure 7. Table 2 sums up the principal parameters of the studied machine. Table 3 outlines the controller parameters. The motor is supplied by a 3-kW 3-phase inverter (DC/AC) operating at a switching frequency of 16 kHz. Besides, the input DC grid voltage of the inverter is fed by a 3-phase variable power supply combined with a 3-phase diode rectifier. The PMa-SynRM is mechanically coupled with an IPMSM (interior permanent magnet synchronous motor) feeding a resistive load (see Figure 4 and Figure 7). Regarding the measurements both for the speed and rotor angle, they have been acquired by a resolver placed on the rotor shaft. The developed control scheme (see Figure 5) relying on the differential flatness controller has been modeled in the Matlab/Simulink software, and then it has been incorporated in the dSPACE 1202 MicroLabBox real-time interface to generate the gate control signals applied to the VSI.




5.2. Simulation and Test-Bench Results of the Speed Reversal Employing the Differential Flatness Controller


For the first scenario, Figure 8 reports the obtained simulation results; whereas, Figure 9 exhibits the performed experimental tests to assess the dynamic performance of the designed controller when forcing the motor to reverse direction. In Figure 8, Ch1–10 are the command signal of the speed nCOM, the reference signal of the speed nREF, the measured speed n, the command of q-axis current iqCOM, the reference of q-axis current iqREF, the q-axis current iq, the command of d-axis current idCOM, the reference of d-axis current idREF, and the d-axis current id, respectively. In comparison, in Figure 9, Ch1–8 are the speed command nCOM, the speed reference nREF, the measured speed n, the current iq, the current reference idREF, the current id, and the current reference iqREF, respectively. Firstly, the PMa-SynRM model has been tested by using Matlab/Simulink to support that the elaborated control system is appropriately conceived. Simulations and experimental tests have demonstrated that both simulation and experimental results are similar. Thus, the PMa-SynRM model is fit, and the controller parameters are suitably designed by choosing desired parameters. The experimental results indicate that the PMa-SynRM behaves in a good way when operating under the regenerative mode up to the speed the reference gets positive. Furthermore, it can be emphasized that the measured speed through the resolver enables tracking adequately the speed reference value. Afterward, the operation of the PMa-SynRM is shifted to the motoring mode up to the rotor speed comes to the speed command. The d-and q-axes currents reveal an appropriate behavior without surpassing the imposed limits. The dominant parameters of the PMa-SynRM enable being ensured, and the elaborated control offers worthwhile dynamic performance.




5.3. Experimental Results of the Comparison between the Conventional PI Control and Differential Flatness Control


For the second scenario, the performance of the system when the torque/current loop employs traditional PI control and differential flatness is compared to assess the benefits of the elaborated control scheme. Figure 10a represents the experimental results of the conventional PI control, and Figure 10b illustrates the experimental results of differential flatness control. In Figure 10a, Ch1 is the current idCOM, Ch3 is the measured current id, Ch4 is the measured current iq, and Ch5 is the measured speed n. In Figure 10b, Ch1 is the current idCOM, Ch3 is the measured current id, Ch4 is the measured current iq, and Ch5 is the measured speed n. As shown in Figure 10a,b, in a transitory operation, the id of PI control exhibits a small overshoot, compared to the differential flatness controller, and the iq of the PI control shows oscillations.



Although the PI controller has used decoupling and back-emf compensation, it demonstrates that the proposed nonlinear controller has a better transient current performance than the traditional linear controller. Furthermore, the speed response (Ch5 of Figure 10a) of the linear cascaded PI controller includes fluctuations, unlike the proposed nonlinear controller (Ch5 of Figure 10b).



For the third scenario, Figure 11a confirms the experimental results of the conventional PI controller, and Figure 11b indicates the experimental validation results of the differential flatness controller when the motor is forced to reverse direction from −1000 rpm to 1000 rpm. In Figure 11a, Ch1 is the speed command nCOM, Ch2 is the speed n, Ch3 is the current command iqCOM, Ch4 is the measured current iq, Ch5 is the current command idCOM, and Ch6 is the measured current id. In Figure 11b, Ch1 is the speed command nCOM, and Ch2 is the acquired speed n, Ch3 is the current command iqCOM, Ch4 is the measured current iq, Ch5 is the current command idCOM, and Ch6 is the measured current id. On one hand, as demonstrated in Figure 11a, during a transient process, the acquired speed n of the PI controller shows an overshoot, and the settling time is approximately 0.45 s. On the other hand, the differential flatness controller (Figure 11b), approximate time is around 0.15 s, as well as the measured iq of the PI controller, which fluctuates sharply (Ch4 of Figure 11a) in a transient process. The experimental results reflect that differential flatness has a better dynamic speed performance than the traditional PI controller.



For the fourth scenario, Figure 12a shows the test-bench results of the conventional PI controller; while, Figure 12b depicts the preliminary results of the differential flatness control when suddenly adding an external torque disturbance. In Figure 12a, Ch2 is the measured d-axis current id, Ch3 is the measured q-axis current iq, Ch4 is the measured speed n, Ch5 is the measured phase-A current ia, and the trajectories of the transient stator current. In Figure 12b, Ch2 is the measured d-axis current id, Ch3 is the measured q-axis current iq, Ch4 is the measured speed n, Ch5 is the phase-A current ia, and the path of the transient stator current. The experimental results are shown in Figure 12b, validating that differential flatness speed oscillation is roughly 113 rpm; whereas that for the PI controller is 221 rpm. The recuperation time of speed with the elaborated controller is also shorter than that with conventional PI control. These results corroborate that differential flatness control has better dynamic performance both for the torque/current and speed loop control and the external rejection ability.





6. Conclusions


To cope with the control issues met in a permanent magnet-assisted synchronous reluctance motor (PMa-SynRM), various control approaches have been previously investigated. Nonetheless, the achievement of high performance is still a challenging barrier due to the nonlinear characteristics and parameter uncertainty conditions of this motor. In this work, a differential flatness control law has been elaborated and designed to control both current/torque and the speed of the PMa-SynRM. Furthermore, an intelligent proportional-integral (iPI) has been combined with the nonlinear differential flatness controller to face unavoidable modeling errors and uncertainties for the torque and speed of the motor. This model-based approach requires an accurate model. In case the model is not perfectly known, the estimation of the unknown part is necessary to achieve the expected high performance. Through simulations and experimental tests performed on a small-scale test bench 1-KW including the PMa-SynRM, the dynamic performances of the system have been validated; while demonstrating the performance superiority of the differential flatness controller over the conventional PI controller from the overshoot and oscillation point of view. Furthermore, the results reflect that the dynamic recovery time response is faster using intelligent PI control than the field-oriented control (FOC) based on PI controller with approximately 0.15 s.



In the future work, another control approach will be tentatively applied to the control of PMa-SynRM. This approach, called the model-free control, does not require an accurate model. Indeed, only very limited knowledge of the controlled system is enough to regenerate the control action. Advantages and drawbacks of this controller will be discussed and its performance will be compared to the flatness-based controller in the next work.
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Figure 1. The rotor’s structure of the proposed PMa-SynRM. 
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Figure 2. The flux linkages Ψd and Ψq in the function of id and iq. (a) Ψd(id,iq). (b) Ψq(id,iq). 
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Figure 3. Control law’s block diagram. 
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Figure 4. A three-phase inverter to control the PMa-SynRM prototype. 
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Figure 5. Schematic drawing of the designed control scheme. 






Figure 5. Schematic drawing of the designed control scheme.



[image: Sustainability 13 09502 g005]







[image: Sustainability 13 09502 g006 550] 





Figure 6. The natural frequency setting of the designed controller. 
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Figure 7. The experimental setup. 
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Figure 8. Simulation results: motor speed reversal. 
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Figure 9. Experimental results: motor speed reversal. 
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Figure 10. Experimental results: (a) the traditional PI control, (b) the differential flatness control. 
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Figure 11. Experimental results: (a) the traditional PI control, (b) the differential flatness control. 
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Figure 12. Experimental results: (a) the traditional PI control (b) the differential flatness control. 






Figure 12. Experimental results: (a) the traditional PI control (b) the differential flatness control.



[image: Sustainability 13 09502 g012]







[image: Table] 





Table 1. Properties of the PMa-SynRM parameters relying on FEM analysis.
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	Symbol
	Quantity
	Value





	Ψm
	Permanent magnet flux
	0.138 Wb



	Ld
	Normal d-axis self-inductance
	288 mH



	Lq
	Normal q-axis self-inductance
	38 mH



	Ldq
	Mutual inductance
	4 mH
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Table 2. Specification and parameters of the motor/inverter.
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	Symbol
	Quantity
	Value





	Prated
	Rated power
	1 kW



	nrated
	Rated speed
	1350 rpm



	Trated
	Rated torque
	7.07 Nm



	np
	Number of pole pairs
	2



	PF.
	Power factor
	0.80



	Rs
	Resistance (motor + inverter)
	3.2 Ω



	Ld
	Nominal d-axis Inductance
	288 mH



	Lq
	Nominal q-axis Inductance
	38 mH



	J
	Equivalent inertia
	0.017 kg m2



	Bf
	Viscous friction coefficient
	0.008 Nm s/rad



	Ψm
	PMs flux linkage
	0.138 Wb



	fs
	Switching frequency
	16 kHz



	Vdc
	DC bus voltage
	400 V
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Table 3. Current/torque and speed regulation parameters.
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	Symbol
	Quantity
	Value





	    ζ 1    
	Governing Damping ratio 1
	0.7 pu.



	    ω  n 1     
	Natural frequency 1
	2000 Rad.s−1



	    ζ 2    
	Governing Damping ratio 2
	0.7 pu.



	    ω  n 2     
	Natural frequency 2
	20 Rad.s−1



	    ζ 3    
	Governing Damping ratio 3
	1 pu.



	    ω  n 3     
	Natural frequency 3
	200 Rad.s−1



	    ζ 4    
	Governing Damping ratio 4
	1 pu.



	    ω  n 4     
	Natural frequency 4
	20 Rad.s−1



	Temax
	Maximum Torque
	+10 Nm



	Temin
	Minimum Torque
	−10 Nm
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